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ABSTRACT 
In exploration for shale gas, reliable estimations of Gas-In-Place (GIP) and 
portion of technically recoverable resource pose a challenging task. Improvement of 
our understanding of gas stogare capacity of carbonaceous shales and its evolution 
during geological history requires carefully designed experiments to obtain reliable 
experimental data. Moreover, the experimental conditions have to cover a range 
representative of the in-situ reservoir conditions.  
This thesis, which was conducted during the first phase of the European Shale 
Gas Research Project (GASH-1), provides first experimental data on high-pressure 
methane sorption for various European black shales. Excess sorption isotherms were 
measured on 41 samples from black shale formations including the Lower Jurassic 
(Posidonia, Aalburg and Sleen formation) from Germany / Netherlands, Lower 
Paleozoic (Alum shale) from Denmark / Southern Sweden and Carboniferous shales 
from Germany / Netherlands. Total organic carbon contents (TOC) and thermal 
maturity (implied from vitrinite reflectance, VRr) ranged from <1% to 14% and from 
0.5% to 4.2%, respectively. The samples varied in their mineralogy and clay mineral 
composition. 
An existing manometric sorption apparatus was adapted to allow sorption 
measurements over an extended range of pressures (up to 27 MPa) and temperatures 
(423 K and more) representative of commonly encountered shale gas reservoir 
conditions. Experimental procedures were refined and optimized to improve the 
accuracy of sorption isotherms due to low sorption capacity of carbonaceous shales (~ 
10% that of coals). Novel measurement and evaluation method was designed and 
tested for sorption measurements on moist samples (“multi-T” method, Chapter 3).  
With these improved techniques the methane sorption isotherms were measured 
on dry and moisture-equilibrated shales to study the effect of different parameters on 
the sorption capacity. The main findings and conclusions from in this thesis can be 
summarized as follows: 
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 Organic matter (OM) is the principal contributor to methane sorption capacity 
in high-maturity gas shales. In general, the sorption capacity increases linearly 
with TOC. 
 For dry shales, the variation in TOC-normalized sorption capacities for 
different samples can be explained, to some extent, by the contribution of clay 
minerals to the sorption capacity as well as the effect of thermal maturity. 
Significant contribution to the total sorption capacity by the clay minerals is, 
however, limited to shales with high content of smectite or to clay-rich 
organic-lean shales. 
 On the TOC basis the sorption capacity increases with thermal maturity for 
VRr < 2.5%. With further increase in maturity (2.5 – 4.2% VRr) the TOC-
normalized sorption capacity decreased for the samples analyzed in this study.  
 Moisture has a detrimental effect on the sorption capacity and sorption 
kinetics. A decrease by 40% to 60% in sorption capacity was observed in 
moisture-equilibrated shales compared to dry ones. The equilibration times in 
moisture-equilibrated shales were higher by up to a factor of 20 compared to 
dry shales. 
 For 2 out of 3 tested samples the sorption capacity was found to depend on the 
particle size. The sorption capacity of the powdered sample (< 80 µm) was by 
up to 20 % higher than for the 0.5 – 1.0 mm particle size. 
 The 3-parameter excess sorption function based on the Langmuir function for 
absolute sorption provides an excellent fit to the measured excess sorption 
data. Over a wide range of temperatures (311 K – 423 K) the maximum 
Langmuir sorption capacity (nL) and the sorbed phase density (𝜌𝑎𝑑𝑠) can be 
assumed independent of temperature with all temperature information 
contained in Langmuir pressure (pL) parameter. 
 
In addition to these results systematic and thorough analysis of the performance 
of the manometric method for high-pressure and high-temperature sorption 
measurements has been conducted.    
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ZUSAMMENFASSUNG 
Zuverlässige Schätzungen der Schiefergas-Gesamtmengen (eng. „Gas-In-Place“, 
GIP) und der technisch gewinnbaren Mengen stellen eine signifikante 
Herausforderung bei der Exploration nach Schiefergas (eng. „shale gas“). Unser 
qualitatives und quantitatives Verständnis der Faktoren, die die Gasspeicherkapazität 
von Tonsteinen und deren Entwicklung während der Versenkungsgeschichte 
beeinflussen, erfordert sorgfältig geplante Experimente und zuverlässige 
experimentelle Daten. Darüber hinaus müssen die experimentellen Bedingungen 
einen repräsentativen Bereich abdecken, der den in-situ Reservoirbedingungen 
entspricht. 
Die vorliegende Arbeit, die während der ersten Phase des „European Shale Gas 
Research“ Projektes (GASH-1) durchgeführt wurde, liefert die ersten experimentellen 
Daten zur Hochdruck-Methansorption für verschiedene europäische Schwarzschiefer. 
Die „Exzess“-Sorptionsisothermen wurden an 41 Proben aus verschiedenen 
Tonsteinformationen gemessen. Proben wurden aus Formationen des Unteren Juras 
(Posidonia, Aalburg and Sleen fm.) aus Deutschland / Niederlande, des 
Altpaläozoikums (Alum sh.) aus Dänemark / Südschweden und des Unterkarbons aus 
Deutschland / Niederlande entnommen. Der Gehalt an organischem Kohlenstoff 
(TOC) und die thermische Reife (gemessen als Vitrinit-Reflexion, VRr) variierten 
von <1% bis 14%, bzw. von 0.5% bis 4.2%. Die Proben wiesen unterschiedliche 
mineralogische und Tonmineral-Zusammensetzungen auf. 
Eine bestehende manometrische Sorptionsapparatur wurde für Messungen bei 
hohen Drucken (bis 27 MPa) und hohen Temperaturen (423 K und mehr) (HPHT) 
angepasst. Die experimentelle Methodik wurde verfeinert und optimiert, um die 
Genauigkeit der gemessenen Sorptionsisothermen aufgrund niedriger 
Sorptionskapazität von Tonsteinen (~ 10% der Sorptionskapazität der Kohle) zu 
verbessern. Eine neue Messmethode ("Multi-T" Methode, Kapitel 3) wurde entwickelt 
und getestet um Sorptionsmessungen an feuchten Proben zu optimieren. 
Methan-Sorptionsisothermen wurden mit diesen verbesserten Methoden an 
trockenen und Feuchte-äquilibrierten Tonsteinproben gemessen, um die Einflüsse 
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verschiedener Parameter auf die Sorptionskapazität zu studieren. Die wichtigsten 
Ergebnisse und Schlussfolgerungen aus dieser Arbeit können wie folgt 
zusammengefasst werden: 
 Der organische Kohlenstoff (TOC) liefert den wichtigsten Beitrag zur Methan- 
Sorptionskapazität in Schwarzschiefern. Die Sorptionskapazität steigt linear 
mit TOC. 
 In trockenem Zustand, die Unterschiede in den TOC-normierten 
Sorptionskapazitäten einzelner Proben, können zum Teil durch den Beitrag der 
Tonminerale zur Gesamtsorptionskapazität, sowie durch den Effekt der 
thermischen Reife  erklärt werden. Signifikante Beteiligung der Tonminerale 
an der Gesamtsorptionskapazität beschränkt sich, allerdings auf Tonsteine mit 
beträchtlichem Gehalt an Smektit oder auf Tonsteine mit hohem Gehalt an 
Tonmineralen und niedrigem TOC-Wert. 
 Normiert auf TOC steigt die Sorptionskapazität mit zunehmender thermischen 
Reife für VRr <2.5%. Bei sehr hohem Reifegrad (2.5 bis 4.2% VRr) nimmt 
die TOC-normierte Sorptionskapazität ab. 
 Feuchtigkeit hat einen beträchtlichen Einfluss auf die Sorptionskapazität und 
Sorptionskinetik. Eine Abnahme von 40% bis 60% in der Sorptionskapazität 
in Feuchte-äquilibrierten Proben im Vergleich zu trockenen Proben wurde 
beobachtet. Die Äquilibrierungszeiten zur Einstellung des Gleichgewichts bei 
der Sorptionsmessung waren um den Faktor 20 höher bei Feuchte-
äquilibrierten Proben. 
 Bei 2 von 3 Proben wurde eine Partikelgröße-abhängige Sorptionskapazität 
festgestellt. Die Sorptionskapazität der Pulverproben (Partikelgröße < 80 µm) 
war um bis zu 20% höher als bei der 0.5 – 1.0 mm Partikelgröße. 
 Eine 3-Parameter Sorptionsfunktion, die auf der Langmuir-Funktion für die 
absolute Sorption basiert, ermöglicht eine hervorragende Anpassung der 
gemessenen Exzess-Sorptionsisothermen. Für die Anpassung der 
Sorptionsisothermen mit minimaler Anzahl der Freiheitsgrade kann über einen 
weiten Temperaturbereich (38°C bis 150°C) eine Temperatur-unabhängige 
Langmuir Sorptionskapazität (nL) und Sorbat-Dichte (ρa) angenommen 
werden. Die Temperatur-Abhängigkeit der Sorption kann allein mit dem 
Langmuir Druck (pL) Parameter ausgedrückt werden. 
Zusätzlich zu diesen Ergebnissen wurde eine systematische und detailierte 
Analyse experimenteller Artefakten bei der manometrischen Methode für die 
Hochdruck-und Hochtemperatur-Sorptionsmessungen durchgeführt. 
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 [mmol/g] Calculated excess sorbed amount 
𝑝 [MPa] Pressure 
𝑝𝐿 [MPa] Langmuir pressure 
𝑝𝑣  [MPa] Pressure of the water vapor 
𝑝0
𝑣  [MPa] Saturation pressure of the water vapor 
𝑝0  [MPa] pressure at the perfect-gas reference state 
𝑅 [J/mol/K] Universal gas constant  
∆𝑆 [J/mol/K] Sorption entropy 
𝑇, 𝑇𝑗 [K] Experimental temperature of sorption measurement (Chapter 3) 
𝑇0 [K] Starting temperature 
𝑇𝑟𝑐 , 𝑇𝑟𝑒𝑓 [K] Temperature of the low-temperature zone (reference cell) 
𝑇𝑠𝑐 , 𝑇 [K] Temperature of the high-temperature zone (sample cell) 
𝑉𝑟𝑐 [m³] Calibrated volume of the reference cell 
𝑉𝑠𝑐,𝑡 [m³] Calibrated volume of the sample cell 
𝑉𝑠𝑐,1 [m³] Partial volume of the sample cell at 𝑇𝑟𝑐 
𝑉𝑣𝑜𝑖𝑑 [m³] Void volume 
𝑉𝑠
𝐻𝑒 , 𝑉𝑣𝑜𝑖𝑑
𝐻𝑒  [m³] Sample / void volume determined by the helium expansion 
𝑉𝑟𝑒𝑓 [m³] Reference volume of the SS cylinder  
𝑦𝑖
𝐶𝐻4  [-] Molar fraction of methane in the methane-water gas mixture 
𝜌𝑟𝑐,𝑖 [kg/m³] Density of gas in RC during the loading step 
𝜌𝑟𝑐,𝑓 [kg/m³] Density of gas in RC after the expansion 
𝜌𝑒𝑞 , 𝜌𝑠𝑐  [kg/m³] Density of methane in the sample cell 
  
xxi 
𝜌〈𝐶𝐻4〉𝑒𝑞,𝑇𝑠𝑐 [kg/m³] Density of methane in the sample cell after the expansion 
𝜌𝑒𝑞,𝑖
𝐶𝐻4−𝐻2𝑂  [kg/m³] 
Density of methane-water gas mixture in the sample cell during the 
equilibration step 
𝜌𝑔  [kg/m³] Density of free gas phase 
𝜌𝑎𝑑𝑠  [kg/m³] Density of adsorbed phase 
EoS - = Equation of state 
RC - = reference cell 
SC - = sample cell 
SS - = stainless steel 
UMF - = uncertainty magnification factor 
UPC [%] = uncertainty percentage contribution 
ur […] = unexpanded random uncertainty (one standard deviation, k = 1) 
𝑈0.95
𝑠  […] = expanded systematic uncertainty (95% conf. interval, k = 2) 
𝑈0.95
𝑟  […] = expanded random uncertainty (95% conf. interval, k = 2) 
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1. INTRODUCTION 
1.1. SHALE GAS PERSPECTIVE 
The demand for affordable energy is growing worldwide.  According to Energy 
Information Administration (EIA)1 fossil fuels provide two-thirds of the total primary 
energy supply and this trend will continue in coming decades. Producing energy from 
natural gas is considered a viable option to address this growing demand. Moreover, 
being the cleanest among all fossil fuels, natural gas is seen as a “bridge technology” 
for the development of low-carbon and renewable energy economy. While 
“conventional” gas reservoirs are on decline in many parts of the world, enormous 
resources of “unconventional” gas have been postulated worldwide. These 
unconventional reservoirs include coalbed methane (CBM), tight gas and shale gas/oil 
and owe their name to the “unconventional” methods utilized for their exploitation.  
The advent of horizontal drilling and multi-stage hydraulic fracturing 
technologies has lead to a gas boom in USA and Canada. In USA, the development of 
the unconventional gas reservoirs has increased the domestic gas production and has 
offset the declining production from the conventional reservoirs. EIA has estimated 
that in 2019, USA will become a net exporter of natural gas. Shale gas is mainly 
responsible for this trend and its share in total produced fossil fuels is expected to rise 
to 50 % by 2035 according to EIA (Figure 1.1). 
At the time of writing this thesis, USA and Canada are the only countries where 
commercial shale gas production is taking place. Substantial shale gas resources were 
postulated in many regions worldwide. Currently many countries are undertaking 
research and exploration efforts in hope to replicate the success of shale gas in North 
America. The estimated shale gas resources by EIA (2012) for several European 
countries are listed in Table 1.1. Several agencies and institutions provide resource 
estimates with figures varying considerably among different sources (McGlade et al., 
2013). Poland and France are expected to have the largest resources in shale gas in 
Europe (Table 1.1). However, a successful development of shale gas in Europe is 
                                                 
1 http://www.eia.gov/ 
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currently hindered by several factors. (1) Firstly, the actual and the technically 
recoverable resource size are highly uncertain. Up to now, due to scarcity of 
exploration wells drilled, for most shale formations there is no field data evidence for 
economic amounts of gas. (2) Next, due to public perception and uncertainty in 
environmental risk related to the technique of hydraulic fracturing (“fracking”), which 
is used to “stimulate” tight shale reservoirs, many countries have banned or 
temporarily suspended activities related to shale gas exploration (Figure 1.2). Poland 
is the only European country at the moment where active exploration is taking place. 
Other factors posing a challenge for the shale gas development in Europe include (3) 
insufficient infrastructure and service industry, (4) high investment and operational 
costs, (5) high population density and land access issues, (6) availability of water 
source and (7) uncertainties related to energy policy and regulatory system (Geny, 
2010). 
 
Figure 1.1 Natural gas production (tcf) by source in USA. (Source: Annual Energy 
Outlook, June 2012 by US Energy Information Administration, EIA). 
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Table 1.1 Estimates of shale gas resources in European countries. (Source: 
Energy Information Administration, EIA, “World Shale Gas Resources: An 
Initial Assessment of 14 Regions”, April 2011) 
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Figure 1.2 Map showing the current situation in European countries (as of February 
2013) in allowing or banning hydraulic fracking related to shale gas exploration and 
exploitation. (Source: The Economist2).  
1.2.    GASH - THE EUROPEAN SHALE GAS RESEARCH PROJECT 
In 2009, the German Research Centre for Geosciences (GFZ) has initiated a joint 
research project between petroleum industry and several European universities and 
research institutions to study the occurrence and the shale gas potential of black shales 
in Europe (GASH project). Its two main goals were (1) to provide an extensive 
database on black shales in Europe (“European Black Shale Database”) and (2) to 
carry out basic research on the key elements of gas shales. In a multi-disciplinary 
approach the project combines state-of-the-art research methods on laboratory and 
regional scale to characterize shales from selected “natural laboratories”. These 
include the Mesozoic Posidonia and Wealden shales and Carboniferous shales from 
Germany and Paleozoic Alum (Cambrian) shale from Denmark. In addition, the 
methods developed and applied within GASH were also used to study the US Barnett 
shale as a reference for producing shale. 
The compilation of the European Black Shale database (EBSD) is coordinated by 
the Netherlands Organization for Applied Scientific Research (TNO) and involves 
                                                 
2 http://www.economist.com/news/business/21571171-extracting-europes-shale-gas-and-oil-will-be-
slow-and-difficult-business-frack-future 
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close cooperation with national geological surveys in several European countries. The 
database gathers all publicly available geological and geochemical analysis data with 
relevance to EBSD.  
The basic research on gas shales in GASH (phase I) was carried out by several 
European research institutions (Table 1.2 a, b) and included the following areas of 
study: 
a) Regional scale 
• Source and reservoir properties of organic matter 
• Basin and fracture modeling 
• Advanced exploration geophysics 
• Advanced basin modeling techniques 
b) Reservoir scale 
• Source and reservoir properties of organic matter 
• Sedimentological, diagenetic and tectonic control of sweet spots 
• Single- and multiphase (gas-water) flow 
• Rock physics of black shales 
• Microbial methane generation 
Table 1.2 List of individual projects on “regional scale” and research affiliations 
responsible for the coordination during the phase I of the GASH project. 
Regional scale 
Project:   Coordination by: 
Integrative tectonic and sedimentary models for shale gas  
 
TNO (NL) 
3D Basin Modeling and Sensitivity Analysis: Migration and Retention Processes in 
Shale Gas 
  IFPen (FR) 
Natural fracturing and pressure modeling in gas shales: reconstruction of 
geopressures and specific fracturation ratio law calibration   
IFPen (FR) 
3D petroleum system modelling of shale‐gas plays    GFZ Potsdam (DE) 
Feasibility study for gas shales with bacterial gas – Microbiology and carbon mass 
balances of bacterial gas formation in gas shales and potential gas shale targets   
GFZ Potsdam (DE) 
Characterizing the electrical conductivity structure of (gas bearing) black shales with 
magnetotellurics  
  GFZ Potsdam (DE) 
Sequence stratigraphy and shale gas potential of Dinantian black shales  
 
MU Leoben (AT) 
Organic petrography for sequence stratigraphic analysis of Wealden black shales   RWTH Aachen (DE) 
Regional Scale Model of gas (and oil) generation and storage in black shales of the 
Netherlands and NW German basins   
RWTH Aachen (DE) 
Adjusted scope of work and deliverables of TNO and University Utrecht to Integrative 
tectonic and sedimentary models for shale gas  
  TNO / Univ. Utrecht (NL) 
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Table 1.3 List of individual projects on “reservoir scale” and research affiliations 
responsible for the coordination during the phase I of the GASH project. 
Reservoir scale 
Project:   Coordination by: 
Multi‐Scale Petrophysical Characterisation of Gas Shales 
Integrated reservoir studies   
Newcastle University (UK) 
The organic matter component of gas shales: Evolving source and reservoir 
characteristics 
  GFZ Potsdam (DE) 
Single‐ and multiphase (gas‐water) flow in gas shales and tight‐gas systems  
 
RWTH Aachen (DE) 
Seismic characterisation of shale gas reservoirs    GFZ Potsdam (DE) 
Mechanical and Hydraulic Properties of Shales and Healing of Induced Fractures  
 
GFZ Potsdam (DE) 
Carbon isotopic composition of fluid inclusions in fracture‐fill mineralization: a tool for 
tracing origin of gases and maturity of their parent source rocks 
  GFZ Potsdam (DE) 
Sequence stratigraphy of the Barnett shale   IFPen (FR) 
 
This thesis is part of the “Multi‐Scale Petrophysical Characterisation of Gas 
Shales” project within GASH, which addresses the following key questions:  
 What controls the Gas-In-Place (GIP)?  
 What are the lithological, geochemical and rank controls on porosity / pore 
size and sorption capacity to methane? 
 How reliable are current experimental methods in studying porosity and 
sorption in shale rocks?  
This thesis addresses the first two points by providing valuable experimental data 
on high-pressure sorption of methane in black shales. These data have not been 
reported previously for European shales. It also deals with the issue of reliability and 
data quality of current state-of-the-art experimental methods in measuring high-
pressure sorption.  
1.3. BASIC CONCEPTS 
1.3.1. (Ad)sorption 
The adsorption designates the process by which gas molecules are enriched in 
interfacial layer between gas and solid. This results from the interaction between the 
gas and solid molecules through weak van der Waals (“dispersive”) forces 
(physisorption).  The energy released upon adsorption is slightly higher than enthalpy 
of condensation (for methane ~ 8 kJ/mol) and typically < 20 kJ/mol for methane 
(Atkins, 2006). The term “sorption” is used as a general term that includes the surface 
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adsorption, absorption (incorporation into the solid lattice) and dissolution (in 
liquids). 
1.3.2. The concept of Gibbs surface excess 
The measurement of the actual size and structure of the sorbed phase is not 
possible with current technology. This problem was elegantly solved by Gibbs who 
introduced the concept of “excess sorption” (or “Gibbs surface excess”) which can be 
unambiguously measured (Gibbs, 1928; Sircar, 1999). This concept of excess sorption 
is illustrated in Figure 1.3 showing a simple sorption system composed of a single 
component gas at pressure (p) and temperature (T) in contact with a unit mass of solid 
adsorbent (ms) with a flat surface. The density (𝜌) of the gas molecules is highest at 
the solid-gas interface and decreases with the distance (z) from the solid surface. At 
some distance from the solid surface there is no more influence of the solid molecules 
on the gas molecules and the density is equal the bulk or “free” phase density, 
𝜌𝑏𝑢𝑙𝑘(𝑝, 𝑇). The excess sorption is defined mathematically by an arbitrarily chosen 
interface (“Gibbs dividing surface”) placed within the bulk phase characterized by p,T 
(Sircar, 1999, 2001). The bulk density 𝜌𝑏𝑢𝑙𝑘(𝑝, 𝑇) is assumed to extend uniformly up 
to this surface. The volumes of the bulk and the adsorbed phase in Figure 1.3 are Vbulk 
and Vads, respectively. Adopting the notation used throughout this thesis for Vbulk 
(= Vfree) and Vads (= Va) their sum is equal to the “void volume” V0void: 
 𝑉𝑣𝑜𝑖𝑑
0 = 𝑉𝑓𝑟𝑒𝑒 + 𝑉𝑎      (1.1) 
The excess sorption is calculated as the difference between the total amount of 
gas in the system and the “non-sorption” reference case – amount of gas that would be 
present if no sorption took place (i.e. the amount of gas with density equal to 
𝜌𝑏𝑢𝑙𝑘(𝑝, 𝑇) and occupying the volume 𝑉𝑣𝑜𝑖𝑑
0 ). By adopting the notation 𝜌𝑔 for the 
bulk (“free”) gas density (𝜌𝑔 = 𝜌𝑏𝑢𝑙𝑘) used throughout this thesis, the excess sorbed 
mass can be thus expressed as: 
𝑚𝑎𝑑𝑠
𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑚𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑔(𝑝, 𝑇)𝑉𝑣𝑜𝑖𝑑
0     (1.2) 
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where 𝑚𝑡𝑜𝑡𝑎𝑙 denotes the total mass of methane present in the system. The Eq. 1.2 
represents the mass balance for measuring the excess sorption using the 
manometric/volumetric method. 𝑚𝑡𝑜𝑡𝑎𝑙 is measured as the cumulative amount of gas 
transferred successively through the reference volume into the sample cell containing 
the sample and the void volume 𝑉𝑣𝑜𝑖𝑑
0  is determined by helium expansion 
measurement prior to the sorption experiment (see Chapter 2).  
 
Figure 1.3 Concept of the Gibbs surface excess for a flat adsorbent surface (modified 
after Keller and Staudt, 2005). The lower part of the figure shows hypothetical density 
profile perpendicular to the solid surface. 𝜌𝑏𝑢𝑙𝑘 and ?̅?𝑎𝑑𝑠 designate the density of the 
bulk and the average adsorbed phase, respectively, extending on either side of the 
Gibbs dividing surface.  
1.3.3. Absolute vs. excess sorption 
The sorption isotherms obtained experimentally by any conventional technique of 
sorption measurement are the “excess sorption” isotherms (Gibbs surface excess) 
(Sircar, 1999). A clear distinction must be made between the excess and the “absolute 
sorption”. The absolute sorption is not a measurable quantity as this would require 
that a distinct and measurable boundary between the adsorbed and the free phase 
exists. The absolute sorption can be estimated from the measured excess sorption data 
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only by making certain assumption about the volume (𝑉𝑎) and/or the density (𝜌𝑎) of 
the adsorbed phase. Since these cannot be experimentally verified by any current 
technology, the absolute sorption quantity is rather ambiguous. Although no attempt 
to report absolute sorption is made in this thesis, a relationship between the excess 
and absolute sorption is briefly discussed below, as this forms a basis for defining a 
parametric function for data reduction of excess sorption isotherms. 
By taking into account the change in the initial void volume (𝑉𝑣𝑜𝑖𝑑
0 ) due to a finite 
volume of the sorbed molecules (𝑉𝑎), the void volume occupied by the free gas can be 
expressed as: 
𝑉𝑓𝑟𝑒𝑒 = 𝑉𝑣𝑜𝑖𝑑
0 − 𝑉𝑎     (1.3) 
Hence, the absolute sorption (𝑚𝑎𝑏𝑠) can be calculated by combining the Eq. 1.2 for 
excess sorption and Eq. 1.3 to account for the volume change due to the volume of the 
sorbed molecules: 
𝑚𝑎𝑏𝑠 = 𝑚𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑔(𝑝, 𝑇)(𝑉𝑣𝑜𝑖𝑑
0 − 𝑉𝑎)   (1.4a) 
𝑚𝑎𝑏𝑠 = 𝑚𝑒𝑥𝑐𝑒𝑠𝑠 + 𝜌𝑔(𝑝, 𝑇)𝑉𝑎    (1.4b) 
For calculating the absolute sorption (𝑚𝑎𝑏𝑠 = 𝜌𝑎𝑉𝑎), an assumption is commonly 
made of either (1) a constant volume or (2) constant density of the adsorbed phase. 
After rearranging the Eq. 1.4a and 1.4b this leads to the following relationships 
between the excess and absolute sorption:  
(1) constant 𝜌𝑎:  𝑚𝑎𝑏𝑠 (1 −
𝜌𝑔(𝑝,𝑇)
𝜌𝑎𝑑𝑠
) = 𝑚𝑒𝑥𝑐𝑒𝑠𝑠   (1.5a) 
(2) constant 𝑉𝑎:  𝑚𝑎𝑏𝑠 − 𝜌𝑔(𝑝, 𝑇)𝑉𝑎 = 𝑚𝑒𝑥𝑐𝑒𝑠𝑠    (1.5b) 
In this thesis, the constant sorbed phase density approach is adopted, combined 
with a function for the absolute sorption to define a parametric fitting function for the 
measured excess sorption isotherms. In practice, different mathematical models for 
(absolute) sorption are used that were derived based on different concepts of the 
sorption mechanism. The Langmuir model based on the “monomolecular” layer 
concept is commonly used in coal industry as it is simple and provides a good 
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representation of the measured sorption data up to intermediate pressures (< 10 MPa) 
representative of CBM reservoirs. For fundamental considerations, models based on 
the pore-filling (Dubinin-Radushkevich) and the lattice (Ono-Kondo) concepts have 
recently gained attention in studies on high-pressure sorption. In this work, the 
Langmuir model is used due its simplicity and the fact that it provides equally good fit 
to the measured data as the other two mentioned models.  
Expressed in molar units, the following 3-parameter (𝑛𝐿, 𝑝𝐿, 𝜌𝑎) excess sorption 
function is used in this thesis for fitting of the measured excess sorption isotherms:      
𝑛𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑛𝐿
𝑝
𝑝+𝑝𝐿
(1 −
𝜌𝑔(𝑝,𝑇)
𝜌𝑎
)     (1.6) 
where 𝑛𝑒𝑥𝑐𝑒𝑠𝑠 (mmol/g) denotes the excess sorbed amount of substance at pressure p. 
𝑝𝐿 (MPa) is the Langmuir pressure, corresponding to the pressure at which half of the 
sorption sites are occupied, and 𝑛𝐿 (mmol/g) is the maximum Langmuir capacity 
(corresponding to the “Langmuir volume”), denoting the amount adsorbed at full 
occupancy of the “Langmuir monolayer”. 
1.3.4. Density of adsorbed phase 
In order to ascribe a physical meaning to a, various estimates of the adsorbed 
density were proposed in the literature, e.g. liquid phase density (CH4: 423 kg/m³), 
“van der Waals density” (CH4: 373 kg/m³) or critical density (Table 1.3). The value 
of the adsorbed phase density can be estimated under certain assumptions from excess 
sorption isotherms which have a maximum in excess sorption. The occurrence of 
maxima in excess isotherm has been reported in literature for different gases at 
supercritical conditions (Menon, 1968; Ustinov et al., 2002; Richard et al., 2009). 
Whether a maximum in excess isotherm for a particular gas occurs depends on (1) the 
proximity of the measuring temperature to the critical temperature of the gas, (2) the 
pressure range at which sorption is measured, (3) the definition of the void volume 
and (4) the pore size and pore size distribution of the porous material (Do and Do, 
2003; Rother et al., 2012). When excess sorption isotherm exhibiting a maximum is 
plotted as a function of gas density (rather than pressure) a linear decrease is observed 
following the maximum in excess sorption (Figure 1.4).  
By rearrangement of the Eq. 1.5b the excess sorption can be expressed as:  
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𝑚𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑉𝑎 (𝜌𝑎 − 𝜌𝑔(𝑝, 𝑇))   (1.7) 
From the Eq. 1.7 it is apparent that at some very high pressures and as the saturation 
of the sorption sites is approached, with further pressure increase the free gas density 
(𝜌𝑔) increases faster than the sorbed phase density (𝜌𝑎) at which point the isotherm 
passes through a maximum. Reaching the saturation (𝜌𝑎𝑉𝑎 = 𝑚𝑎𝑑𝑠 ≈ 𝑐𝑜𝑛𝑠𝑡.) the 
excess sorption becomes a linear function of 𝜌𝑔. The negative of the slope of this 
linear portion of the isotherm is proportional to 𝑉𝑎. When 𝜌𝑔 becomes equal to 𝜌𝑎 the 
excess sorption becomes zero (i.e. there is no distinction between the free and the 
adsorbed phase). Hence, the intersection of the linear trend with the density axis gives 
an estimate for 𝜌𝑎 (Menon, 1967).  This is shown in Figure 1.4 for methane excess 
sorption data on activated carbon from Dreisbach et al. (2002). The physical 
interpretation of 𝜌𝑎 as the actual sorbed phase density is, however, ambiguous. This is 
due to the fact that any change in void volume due to volumetric changes (swelling, 
sample compression) as well as differences between the volumes accessible to helium 
and methane (position of the Gibbs dividing surface) are expressed in 𝜌𝑎. 
 
Table 1.4 Different estimates for the adsorbed phase 
density of CH4 for the “constant density” approach found 
in literature (for references see Murata et al., 2001) 
CH4 adsorbed phase density [kg/m³] 
van der Waals co-volume approximation 373 
liquid density, atm. boiling point 423 
critical point density 163 
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Figure 1.4 High-pressure methane sorption isotherm (298 K) on activated carbon measured 
on Rubotherm gravimetric apparatus by Dreisbach et al. (2002). The excess sorption is 
plotted as a function of gas density. From the linear decrease of excess sorption with density 
following a maximum the sorbed phase density and volume are estimated from the intercepts 
with the x-axis and the slope, respectively.  
1.3.5. Gas-In-Place 
The estimation of the total amount of gas contained in a shale gas play (Gas-In-
Place, GIP) is crucial for assessing its prospects for economical success. In 
carbonaceous shales3, the total amount of gas contained in a volume of rock can be 
expressed as a sum of the “free” gas (𝐺𝐼𝑃𝑓𝑟𝑒𝑒) stored in pores and open fractures and 
the “sorbed” gas (𝐺𝐼𝑃𝑠𝑜𝑟𝑏𝑒𝑑) associated with the solid surfaces of organic and 
inorganic constituents:   
𝐺𝐼𝑃𝑡𝑜𝑡𝑎𝑙 = 𝐺𝐼𝑃𝑓𝑟𝑒𝑒 + 𝐺𝐼𝑃𝑠𝑜𝑟𝑏𝑒𝑑     (1.8) 
The total gas-in-place is calculated for a volume of the shale gas play 
corresponding to the drainage area and the productive thickness. The “free” gas-in-
place (𝐺𝐼𝑃𝑓𝑟𝑒𝑒) is calculated from: 
                                                 
3 The term “shale“ is used throughout as a general term for a group of fine-grained sedimentary rocks 
that may include the actual shales (fissile), mudstones/mudrocks (non-fissile), siltstones, marls and 
carbonates. The term “carbonaceous” derives from the fact that these rocks contain significant 
amounts of organic matter of terrigeneous or marine origin. 
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𝐺𝐼𝑃𝑓𝑟𝑒𝑒 = 1.412𝐴ℎ∅𝑒(1 − 𝑠𝑤 − 𝑠𝑜)𝜌𝑔    (1.9) 
𝐺𝐼𝑃𝑓𝑟𝑒𝑒  free methane-in-place volume [STP m³] (273.2 K, 1 bar)  
𝐴   drainage area [m²]  
ℎ   productive thickness [m]  
∅𝑒   effective porosity [-]  
𝑠𝑤   water saturation under reservoir conditions [-]  
𝑠𝑜   oil saturation under reservoir conditions [-] 
𝜌𝑔   gas density at reservoir conditions [kg/m³] 
 
The major difficulty with estimating reliably 𝐺𝐼𝑃𝑓𝑟𝑒𝑒 for carbonaceous shales 
results from the uncertainties in porosity and saturation values. This is partly due to 
extremely heterogeneous nature of shale rocks and partly due to uncertainties in 
relating laboratory data to in-situ reservoir conditions. The “sorbed” gas-in-place 
(𝐺𝐼𝑃𝑓𝑟𝑒𝑒) is calculated from: 
𝐺𝐼𝑃𝑠𝑜𝑟𝑏𝑒𝑑 = 𝐴ℎ𝜌𝑟𝑜𝑐𝑘𝐺𝑠     (1.10) 
𝐺𝐼𝑃𝑠𝑜𝑟𝑏𝑒𝑑  sorbed gas-in-place volume [STP m³] (273.2 K, 1 bar)  
𝐴   drainage area [m²]  
ℎ   productive thickness [m]  
𝜌𝑟𝑜𝑐𝑘   reservoir rock (bulk) density [kg/m³]  
𝐺𝑠   sorbed gas content [STP m³/kg rock]  
   
1.4. MAIN OBJECTIVES OF THIS THESIS 
As reliable estimations of Gas-In-Place (GIP) pose a challenging task in 
exploration for shale gas it is necessary to improve our understanding of the principal 
factors controlling the gas storage capacity in carbonaceous shales. This can be 
achieved by carefully designed laboratory experiments to measure porosity and 
sorption. It also requires that measurements are performed on large sets of samples 
with variable properties and a range of experimental conditions representative of past 
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and present geological conditions. With the main focus on the sorption measurements 
the principal aims of this work were to: 
 provide a database of high-pressure methane sorption data for selected 
European black shales considered as possible targets for shale gas 
exploration, 
 study the sorption capacity as a function of temperature and pressure, 
organic matter richness, thermal maturity, mineralogy and moisture,  
 investigate the applicability of a parametric excess sorption function, 
based on the Langmuir model for absolute sorption, to represent reliably 
the measured excess sorption data. 
In the course of this study, it was realized that certain experimental issues had to 
be addressed in order to deal with the low sorption capacity of shales (as compared to 
coals) and extend the range of experimental conditions to those representative of 
reservoir conditions. Therefore, considerable part of this thesis had to deal with: 
 the extension of the measuring conditions for sorption measurements at 
high pressures and high temperatures (HPHT), 
 the improvement of the accuracy and the refinement of the evaluation 
methods for sorption measurements. 
The results of this thesis, though far from being exhaustive, may serve as a basis 
for developing more reliable predictive tools for (“indirect”) estimations of GIP that 
can be implemented in reservoir simulators. 
1.5. ORGANIZATION OF THE THESIS 
This thesis is divided into four main chapters, each dealing with a separate topic. 
The first two chapters summarize the methodological advancements in the 
experimental study of high-pressure sorption of methane in shales. Given the low 
sorption capacities of shales (as compared to coals), part of this work has inevitably 
had to deal with improving the accuracy and refinement of the experimental methods 
for high-pressure high-temperature (HPHT) sorption on shales (Chapter 2). 
  
15 INTRODUCTION 
In Chapter 3, special focus is given to sorption measurements on moist shales. 
Moisture plays a crucial role in controlling the sorption capacity. Yet the 
measurement and evaluation of sorption isotherms, especially with changing 
temperature, has not been treated sufficiently in the literature for coal and no 
published data exist for shales up to date. The “Multi-T” method presented in Chapter 
3 addresses the issue of experimental measurement of methane sorption isotherms in 
the presence of moisture at different temperatures. The mass balance approach 
presented therein takes explicitly into account water vapor as molecular species in the 
gas phase, with temperature-dependent water vapor pressure. 
In Chapter 4 and 5 geological controls on the methane sorption capacity are 
studied on selected European black shales. Chapter 4 summarizes the results from a 
study carried out in cooperation with Energie Beheer Nederland B.V., EBN (not part 
of GASH project) on methane sorption capacity of Dutch black shales considered as 
targets for shale gas exploration. Special focus is given to the role of organic and 
inorganic (clay minerals) shale constituents in sorption capacity. The sample set 
presented in this chapter is an example of the case where clay minerals contribute 
significantly to the sorption capacity of shales.  
In Chapter 5 the main results of sorption measurements on ~ 40 shale samples 
studied in the framework of the GASH project are presented. These samples include 
the German Posidonia shale (Lower Toarcian), Scandinavian Alum shale (Upper 
Cambrian/Lower Ordovician), German and Dutch Carboniferous shales and the US 
Barnett, Eagle Ford and Haynesville shales. The sorption capacity is studied with 
respect to organic matter richness (TOC), thermal maturity (VRr), mineralogy (XRD) 
and moisture. The temperature dependency of sorption is studied over extensive range 
of temperatures (up to 150°C) and pressures (up to 25 MPa). The data presented in 
this chapter represent the first extensive sorption data set for European black shales. 
In Chapter 6 some additional important findings observed during the work on 
this thesis are briefly discussed. An example for the implementations of laboratory 
sorption data as a tool in shale gas exploration is given. Moreover, some suggestions 
for future work are given to address issues covered partly in this thesis and others, 
which had not been dealt with here but deserve attention in future research.  
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2. OPTIMIZATION OF EXPERIMENTAL TECHNIQUES FOR HIGH-
PRESSURE HIGH-TEMPERATURE SORPTION MEASUREMENTS ON 
SHALES USING A MANOMETRIC SETUP 
PART 1: MEASUREMENTS OF METHANE SORPTION ISOTHERMS AT HIGH 
PRESSURES AND HIGH TEMPERATURES ON CARBONACEOUS SHALES – 
EXPERIMENTAL CONSIDERATIONS 
ABSTRACT 
In exploration for Shale Gas, methane sorption isotherms of carbonaceous shales 
need to be measured at high pressures and high temperatures characteristic of past or 
present geological conditions. In this work, we demonstrate the capabilities of an 
adapted manometric apparatus to measure reliably excess sorption isotherms in a wide 
range of pressures (up to 30 MPa) and temperatures (> 423 K) on carbonaceous shales 
with relatively low sorption capacity (typically 0.05 – 0.3 mmol/g). This is 
accomplished with experimental design using separate heating zones for the sample 
cell and for the rest of the apparatus. An experimental and mass balance approach is 
presented to quantify the temperature gradient existing between the two heating 
zones, as well as the thermal expansion of the sample cell, and to account for these in 
the calculation of the excess sorption. We demonstrate that the analysis of the helium 
void volume data over a large temperature range can be interpreted with respect to the 
thermal expansion of the sample and, in some cases, changes in pore volume 
accessibility to helium.  We propose to perform blank expansion tests with non-
sorbing samples (e.g. steel cylinders) as a quality check for device-specific 
measurement artifacts resulting from the measurement uncertainties or the uncertainty 
in the equation of state (EoS). Two evaluation procedures are presented to 
quantitatively account for the blank tests in the final result of sorption measurements 
on shale samples. As an example, methane sorption isotherms for a carbonaceous 
shale at 311 K, 338 K, 373 K and 423 K (38°C, 65°C, 100°C, 150°C) are presented. 
Using a Monte Carlo algorithm to simulate the propagation of the experimental 
uncertainties the final estimated uncertainty in excess sorption resulting from 
systematic errors was found to be ± 0.007 mmol/g at 25 MPa. The estimated 
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uncertainty resulting from random errors was found to significantly overestimate the 
actual precision of the experimental setup and an explanation and corrective measures 
are provided with respect to experimental design. Data reduction approach using an 
excess sorption function based on a Langmuir-type absolute sorption model was 
found to provide an excellent representation of the measured sorption data. 
2.1. INTRODUCTION 
Exploration for unconventional hydrocarbon-bearing reservoirs such as Coal Bed 
Methane (CBM), and more recently Shale Gas, has stimulated research interest in the 
adsorptive properties of these natural porous materials. The sorption of hydrocarbon 
gas (mostly methane) in shales provides gas storage capacity in addition to the “free 
gas” capacity in the pore system. While methane sorption is considered to take place 
predominantly in microporous organic matter (kerogen) (Ross and Bustin, 2009; 
Weniger et al., 2010; Zhang et al., 2012; Gasparik et al., 2013a;), inorganic 
constituents (clay minerals) may contribute a significant portion of sorption capacity 
in dry shales with low organic matter contents (Lu et al., 1995; Ross and Bustin, 
2009; Gasparik et al., 2012, 2013a; Ji et al., 2012). Quantification of the total storage 
capacity, including sorbed gas and free gas is a prerequisite for estimations of 
resource potential and technically recoverable amounts of gas at given reservoir 
conditions. Moreover, sorption processes are important for quantitative production 
data analysis of CBM and shale gas reservoirs (Clarkson, 2013). Due to the high 
variability and complex pore structure of the organic and mineral matter within these 
rocks, the assessment of the gas storage potential of shales has to rely on experimental 
porosity and high-pressure/high-temperature sorption data, and these have to be 
reproducible within and among different laboratories.  
Accurate measurement of high-pressure sorption isotherms on shales is 
challenging due to the fact that (i) the typical sorption capacity of shales is only about 
10% that of coal and 1% that of activated carbon (Figure 2.1) and (ii) sorption 
isotherms need to be measured over an extended range of pressures (> 20 MPa) and 
temperatures (> 373 K) in order to be representative of the in-situ reservoir conditions 
typical for shale gas reservoirs. Among the different methods used to study gas 
sorption (manometric, volumetric, gravimetric, chromatographic, temperature-
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programmed desorption, etc.), the two most commonly used to study gas sorption 
equilibria at high pressures are the manometric and the gravimetric method. The 
experimentally determined quantity (irrespective of the method used) is the “excess 
sorption” or “Gibbs surface excess” (Sircar, 1999). The uptake of gas by the sorbent 
sample is determined at constant temperature as a function of gas pressure (or density) 
giving the excess sorption isotherm. The experimental techniques make use of 
different physical principles to measure sorption. Both, the manometric and the 
gravimetric techniques have been used extensively in sorption studies on 
carbonaceous materials (e.g. activated carbons, coals) with hydrocarbon (e.g. CH4, 
C2H6) and non-hydrocarbon (CO2, N2, etc.) gases. Comparative studies between the 
gravimetric and manometric methods performed with N2 and CO2 on activated 
carbons showed a very good agreement (de Weireld et al. 1999, Belmabkhout et al. 
2004, Gensterblum et al. 2009, 2010).  
Both, manometric and gravimetric devices need to be adapted for high 
temperature applications. Specifically, temperature-sensitive parts such as valves and 
electronics of the pressure sensors must be kept outside of high-temperature zones (de 
Weireld et al., 1999). Depending on the instrument design and available technical 
options a temperature gradient will exist within the tubing connecting the low-
temperature zone, holding the temperature sensitive parts (reference cell, RC) and the 
high-temperature zone holding the sample material (sample cell, SC). The 
temperature gradients in this transition zone need to be taken into account in the 
calculation of gas density if reliable sorption isotherms are to be measured on 
materials with low sorption capacity. Careful calibration tests are necessary to 
eliminate/reduce potential errors caused by this thermal boundary. The interpretation 
of the experimental data is further complicated by the thermal expansion of the steel 
components in the high-temperature zone. 
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Figure 2.1 Comparison of typical sorption capacities for methane on activated 
carbon, high-rank coals and shales measured at RWTH Aachen. 
In this study, an experimental technique of sorption measurement at high-
pressures and high-temperatures (HPHT) using the manometric method developed 
for studies on gas shales is presented. For this purpose an existing high-pressure (HP) 
manometric sorption setup was adapted to enable sorption measurements at 
temperatures up to 473 K. By careful calibration and refinement of the evaluation 
techniques consistent sorption isotherms can be measured on materials with 
comparatively low sorption capacities (for carbonaceous shales typically 0.05 – 0.3 
mol/g). We outline here two different approaches to measure and evaluate the excess 
sorption isotherms for improved accuracy. To demonstrate the capabilities of this 
method, HPHT excess sorption isotherms for methane on dry organic-rich shale at up 
to 25 MPa and at temperatures of 311 K, 338 K, 373 K and 423 K (38°C, 65°C, 
100°C, 150°C) are presented. The measured sorption data are excellently represented 
by a three-parameter excess sorption function based on a Langmuir-type absolute 
sorption model. 
2.2. EXPERIMENTAL 
2.2.1. Sample and sample preparation 
Recently, Gasparik et al. (2013a) published methane sorption isotherms for a 
larger set of organic-rich shale samples studied in the framework of European Shale 
 20 
Gas Research project (GASH project, Littke et al., 2011). In this work, 
methodological aspects of the HPHT sorption measurements are discussed and 
demonstrated using the experimental data obtained for sample “Alum_S2-18” from 
Gasparik et al. (2013a). This sample originates from the Cambro-Ordovician Alum 
shale formation in Bornholm, Denmark (Schovsbo et al., 2011). The basic 
geochemical properties are listed in Table 2.1. Total organic carbon content (TOC) is 
a measure of the organic matter richness and vitrinite reflectance (VRr) is a parameter 
characterizing the “thermal maturity” or a degree of thermal transformation of the 
organic matter within the rock. The helium density was measured in the manometric 
sorption apparatus at a reference temperature Tref of 311 K (38°C). The bulk density 
was determined using the Archimedes principle with de-ionized water as fluid on 
three cm-size rock fragments and is reported as an average  of the three 
measurements. The sorption measurements were done on a crushed sample with 
particle size of 0.5 – 1.0 mm. Prior to installation into the sample cell of the sorption 
device, the sample was dried in a vacuum oven at 383 K overnight. After transfer into 
the sample cell, the sample was de-gassed at 423 K, corresponding the highest 
experimental temperature of the sorption experiment, under vacuum for > 4 hours. 
The high temperatures used in experiment are not expected to affect the structure of 
the organic matter within the sample as the shale formation has experienced 
temperatures in excess of 473 K at depths of up to 4.5 km during its geological history 
(Jensenius, 1987).  The weight of the dry sample was 57.8775 ± 0.0005 g. 
Table 2.1 Basic geochemical properties of the studied shale sample. 
  
XRD (wt %) 
  
Total Organic 
Carbon, TOC  
(wt %) 
Vitrinite 
reflectance 
(VRr %) 
Quartz + 
Feldspars 
Total  
clays 
Carbonates 
He-density, 
dry,38°C 
(g/cm³) 
Bulk density, 
dry (g/cm³) 
5.2 2.4 31.2 60.1 0.2 
2.706 ± 
0.002 
2.49 ± 0.01 
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2.2.2. HPHT sorption measurement 
2.2.2.1. Sorption measurements by manometric method 
In the manometric method, the uptake of gas is measured by monitoring the drop 
in pressure in a fixed known volume containing the adsorbent sample. This technique 
is sometimes referred to as Sieverts method. The measuring device consists of 
reference (RC) and sample (SC) cells with calibrated volumes equipped with high-
precision pressure sensor kept at constant temperature conditions. The experiment can 
be designed as constant-volume (manometric) or constant-pressure (volumetric) 
measurement (Mohammad et al., 2009). 
The measurement is done by successively transferring the sorptive gas through 
the reference cell into the sample cell containing the adsorbent sample. The excess 
sorption is then calculated as a difference between the total mass of gas transferred 
(𝑚𝑡𝑟𝑎𝑛𝑠) into the SC and the mass of the “unadsorbed” gas occupying the void 
volume of sample cell:  
𝑚𝑒𝑥𝑐𝑒𝑠𝑠(𝑝, 𝑇) = 𝑚𝑡𝑟𝑎𝑛𝑠(𝑝, 𝑇) − 𝜌𝑔(𝑝, 𝑇)𝑉𝑣𝑜𝑖𝑑
𝐻𝑒    (2.1) 
The void volume (𝑉𝑣𝑜𝑖𝑑
𝐻𝑒 ) is commonly determined by helium expansion. 
Multiplied by the density of the sorptive gas 𝜌𝑔(𝑝, 𝑇), the “non-sorption” reference 
state is obtained. The gas density is determined by appropriate equation of state (EoS) 
at the experimental p, T conditions.  Since 𝑚𝑡𝑟𝑎𝑛𝑠 is a cumulative sum of the volume 
of the reference cell (Vrc) multiplied by the gas density difference in the reference cell 
before (𝜌𝑟𝑐,𝑖) and after (𝜌𝑟𝑐,𝑓) the expansion into the sample cell:  
𝑚𝑡𝑟𝑎𝑛𝑠 = ∑ 𝑉𝑟𝑐(𝜌𝑟𝑐,𝑖 − 𝜌𝑟𝑐,𝑓)
𝑁
𝑘=1
    (2.2) 
the measurement uncertainties in the manometric method accumulate during the 
isotherm determination. The uncertainty accumulation can be reduced experimentally. 
Mohammad et al. (2009) argue that the measurement accuracy can be significantly 
improved if the setup is designed as constant-pressure (volumetric) rather than 
constant-volume (manometric). In this study an experimental and data analysis 
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approach to reduce the measurement uncertainty in high-pressure high-temperature 
manometric sorption experiment is reported. 
2.2.2.2. Manometric sorption setup 
A schematic representation of the manometric sorption setup is shown in 
Figure 2.2. It consists of two stainless steel chambers – “sample cell” (SC) and 
“reference cell” (RC), shut-off valves and a pressure gauge connected via 1/16” 
tubing. The apparatus is connected to methane and helium gas supplies with a gas 
purity of 99.995% and 99.999%, respectively. Two high-pressure VICI® valves (v1 
and v2) are used as shut-off valves in front of the RC cell and between RC and SC. 
Due to their construction and operation mode there is a zero net change in dead 
volume upon switching the position of the valves. A three-port valve (v3) is used to 
switch between the gas supply and a vacuum pump. Valves v1 and v2 are operated by 
computer-controlled electric actuators. A high-precision piezoresistive pressure 
transmitter (Keller GmbH, PAA-33X type; all metal, no polymer seals) with a 30 
MPa range attached to the reference cell is used to monitor the pressure. The precision 
given by the vendor is within 0.01% FS relative to a dead weight standard of 0.025% 
accuracy. It should be noted, however, that this precision relies on a mathematical 
compensation that is only guaranteed in the 10 to 40°C temperature range. The sample 
cell is sealed by metal face seal fittings (VCR®, Swagelok) as described in 
Checchetto et al. (2004) using nickel gaskets with an integrated 0.5 μm filter.  
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Figure 2.2 Schematic representation of the HPHT manometric sorption setup. 
In order to protect the temperature-sensitive parts from high temperatures, a 
separate heating zone (low-temperature, < 40°C) was installed for the reference cell 
(Trc), while the sample cell is placed in a high-temperature zone (Tsc). This 
configuration enables high experimental temperatures for sorption measurements 
(423 K and more). At the same time temperature-sensitive components are not 
exposed to high temperatures and the pressure transmitter is kept within the 
temperature compensation limits (283 – 313 K). The temperature stability for the 
reference and the sample cell is < 0.15 K and < 0.05 K, respectively. Temperature 
readings for both heating zones are taken from a Pt-100 (class 1/10 B) resistance 
temperature detector (RTD) with an estimated accuracy of 0.1 K. The temperature 
sensors are installed externally and in close proximity to the RC and SC. For sorption 
isotherm measurements the temperatures of the reference and the sample cell were set 
according to the scheme shown in Table 2.2.  
The volumes of the reference and the sample cell were determined by the volume 
calibration using helium at a specified reference temperature Trc = Tsc = Tref = 311 K. 
Multiple gas expansions into the empty sample cell and into the sample cell 
containing a stainless steel (SS) cylinder of accurately known volume were performed 
up to 10 MPa. The volumes of the reference cell (𝑉𝑟𝑐
𝑇𝑟𝑒𝑓
) and the sample cell (𝑉𝑠𝑐,𝑡
𝑇𝑟𝑒𝑓
) 
were 7.320 ± 0.007 cm³ and 51.55 ± 0.05 cm³, respectively. 
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Table 2.2 Temperature settings for the reference 
and sample cell during the sorption 
measurement. 
Isotherm 
Reference cell 
Trc = Tref [K] 
Sample cell 
Tsc [K] 
311 K 311 311 
338 K 311 338 
373 K 311 373 
423 K 311 423 
 
2.2.2.3. Temperature gradient and thermal expansion of sample cell 
As shown schematically in Figure 2.3, a temperature gradient exists along the 
tubing between sample cell and reference cell when Trc ≠ Tsc. This temperature 
gradient will result in a gas density gradient, which has to be taken into account for 
the calculation of excess sorption. Since the shape of the temperature gradient is 
essentially unknown, for the calculation, it is conceptually replaced by a sharp 
boundary separating the low- (Trc = Tref) and the high-temperature (Tsc = T) zone. 
Moreover, the volume of the sample cell exposed to high temperature will be affected 
by the thermal expansion. The partial volume of the sample cell that is within the low-
temperature zone (𝑉𝑠𝑐,1
𝑇𝑟𝑐) and the volumetric thermal expansion coefficient (𝛽𝑠𝑐) of the 
sample cell volume (𝑉𝑠𝑐,2
𝑇 ) were determined simultaneously using a procedure 
described in appendix. These parameters were used in the mass balance calculation of 
the excess sorption and in the determination of the “apparent” thermal expansion 
coefficient of the shale samples (𝛽𝑎𝑝𝑝) (see Appendix D).  
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Figure 2.3 Temperature gradient within the tubing connecting the sample cell to the 
reference cell (solid line). For the mass balance calculations this gradient is replaced 
by a sharp temperature boundary represented by the dotted line. The temperature of 
the reference and the sample cell extends over the volume Vsc,1(Tref) and Vsc,2(T), 
respectively. 
2.2.2.4. Blank expansion tests 
For sorption measurements on materials with a low sorption capacity it is 
important to isolate the actual sorption behavior of the sample from experimental 
artifacts. Without prior knowledge these artifacts cannot be readily identified from the 
results of the sorption measurements alone. The causes for these artifacts can include 
any or a combination of the following: (1) unknown systematic errors in measured 
pressure and temperature that propagate into the gas density calculated by the EoS; 
(2) the actual EoS; (3) gas impurities; (4) the effect of the in-line filter; and/or (5) 
fundamentally different interaction of different gases (He vs. CH4 vs. CO2, etc.) with 
the inner walls of the instrument components with which they are in direct contact. 
Such effects become more significant at the proximity of experimental conditions to 
the critical point (e.g. CO2 at laboratory conditions). In Figure 2.4 the sensitivities of 
the gas density to pressure and temperature, expressed as Uncertainty Magnification 
Factors (UMF) (Coleman and Steele, 2009, p.88) are shown for CH4 and also for CO2 
over a wide range of pressures and temperatures. Although CO2 sorption was not 
studied in this work the figure demonstrates the high sensitivity in the gas density 
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close to the critical point (𝑝𝑐
𝐶𝑂2 = 7.37 MPa, 𝑇𝑐
𝐶𝑂2 = 304.12 K). The uncertainties are 
increasingly magnified the more the absolute value of UMF is larger than 1.  
Blank sorption measurements using a non-sorbing sample (ideally of the same 
material as the sample cell, e.g. stainless steel, SS) can be performed as a sort of 
device-specific diagnostic test to identify and quantitatively account for such artifacts. 
In this study, blank expansion tests with He and CH4 at temperatures of 311 K, 338 K, 
373 K and 423 K have been performed using SS cylinders of two different volumes 
(Vref1 =15.354 cm³ and Vref2 = 30.601 cm³, respectively) corresponding to the range of 
sample skeletal volumes  typically encountered in sorption experiments on shale 
samples. In the following two evaluation procedures (denoted “A“ and “B”) are 
described that differ in how the blank expansion tests are represented and accounted 
for mathematically in the final “blank-corrected” excess sorption isotherms on the 
shale sample.  
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Figure 2.4 Sensitivity of the CH4 and CO2 density to temperature (T) and pressure (p) 
over a wide range of T and p. The sensitivities are expressed in normalized form as 
Uncertainty Magnification Factors, UMF (Coleman and Steele, 2009, p.88) and are 
based on the Setzmann and Wagner (1991), respectively the Span and Wagner (1996) 
equation of state for CH4 and CO2. Increased sensitivity is indicated by |UMF| > 1. 
With decreasing temperature the UMFs increase and become very large close to the 
critical point (CO2). 
2.2.2.5. Evaluation procedure A 
With this procedure the blank expansion tests with SS cylinder are treated 
mathematically as normal sorption measurements (see next section) and represented 
as “blank” excess sorption isotherms (𝑛𝑒𝑥𝑐𝑒𝑠𝑠,0
𝐶𝐻4,𝑇,𝑝 ) normalized to the void volume 
measured with He (𝑉𝑣𝑜𝑖𝑑
𝐻𝑒,𝑇
). If the system behaves linearly with respect to void volume 
such normalized blank excess sorption isotherms (for Vref1 and Vref2) are expected to 
overlap.  
The measured “blank” excess sorption isotherms for CH4 are shown in 
Figure 2.5. It is observed that the blank excess sorption isotherms are negative for all 
temperatures. Hence, the isotherms measured on shales will be underestimated 
somewhat as these blank excess sorption isotherms will be superimposed on the 
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measurements with the actual shale sample. The magnitude of this underestimation 
will be proportional to the void volume and inversely proportional to the sample 
weight (Vvoid/ms). The effect is therefore reduced by minimizing the void volume 
while maximizing the sample amount. For typical values of Vvoid and ms for this setup 
(~ 30 cm³ and 55 g, respectively) this value would be ~ 0.015 mmol/g at 25 MPa for 
the 311 K isotherm. For coals with sorption capacities for CH4 typically > 0.5 
mmol/g, these effects can be ignored. For shales, however, they should be explicitly 
considered in order to achieve satisfactory accuracy (< 5%). 
 
Figure 2.5 Blank excess sorption isotherms for methane measured with stainless steel 
(SS) cylinders with volumes of Vref1 and Vref2, respectively. The excess sorption is 
expressed in mol units normalized to the void volume (𝑉𝑣𝑜𝑖𝑑
𝐻𝑒 ) measured with helium. 
These observations are not specific for the experimental setup with two 
temperature zones (HPHT setup) described here. In fact, these effects have been 
observed systematically on other setups with a single heating zone (HP setup) in our 
laboratory (Figure 2.6). If the blank expansion tests with empty sample cell or with a 
SS cylinder are evaluated as volume measurements than it is observed that the 
volumes measured with He, CH4 and CO2 differ (by more than 1% for the HP setup) 
and increase in order CO2 < CH4 < He. Although the true cause of these artifacts is 
not known, the influence of trace impurities in the high-purity analytical gases and the 
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influence of measurement error in temperature can be disregarded, based on (1) the 
evaluations with the multi-component GERG equation of state (EoS) and (2) the fact 
that the temperature sensors in the HP setup have been calibrated to a standard with 
±0.01 K accuracy. Interestingly, however, the magnitude of these artifacts and their 
non-linearity decrease with increasing size of the reference and sample cells (i.e. the 
effect is ~ 5 times larger for the HP setup for which the volumes of the cells are ~ 5 
times smaller compared to the HPHT setup) and with increasing void volume for a 
single setup (Figure 2.6).  
From the “raw” excess sorption isotherms measured on shale, the blank isotherms 
are subtracted to obtain the final “blank-corrected” isotherms. The blank isotherms 
can be represented mathematically by linear, polynomial or cubic spline functions 
depending on the shape of the blank isotherm (Figure 2.6). It is however important to 
avoid interpolation artifacts (e.g. oscillatory artifacts in polynomial interpolation). 
Additional uncertainty is introduced when the void volume-normalized blank 
isotherms for different void volumes do not overlap and the corrections are 
represented by averaging or interpolation. 
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Figure 2.6 Blank excess sorption isotherms (338 K) for CH4 and CO2 measured on HP 
(single heating zone) and HPHT (two heating zones) setups in our laboratory. The CH4 blank 
excess sorption isotherms deviate increasingly from 0 with decreasing size of the setup and 
for individual setup with decreasing void volume. The CO2 blank isotherms (shown only for 
the HP setup) increase with void volume and have a broad peak at ~ 14 MPa. 
2.2.2.6. Evaluation procedure B 
The second evaluation procedure for accounting for blank expansion 
measurements in the final result of sorption measurement on the shale sample is more 
effective with respect to the representation of the blank expansion data. The 
represented quantity is the cumulative amount of gas (CH4) transferred successively 
into the sample cell (i.e. total amount of CH4 in a given void volume) given by:  
𝑛𝑡𝑟𝑎𝑛𝑠,0
𝐶𝐻4,𝑇  (𝑉𝑣𝑜𝑖𝑑
𝐻𝑒,𝑇) =
1
𝑀𝐶𝐻4
𝑉𝑟𝑐
𝑇𝑟𝑒𝑓 ∑ (𝜌𝑟𝑐,𝑖
𝐶𝐻4,𝑇𝑟𝑒𝑓 − 𝜌𝑟𝑐,𝑓
𝐶𝐻4,𝑇𝑟𝑒𝑓)𝑁𝑘=1    (2.3) 
By plotting 𝑛𝑡𝑟𝑎𝑛𝑠,0
𝐶𝐻4,𝑇  against the methane density in the sample cell 𝜌𝑠𝑐
𝐶𝐻4,𝑇 a linear 
relationship is obtained, the slope of which is proportional to the void volume. 
𝑛𝑡𝑟𝑎𝑛𝑠,0
𝐶𝐻4,𝑇  also varies linearly with T due to the thermal expansion of the sample cell 
(see appendix). Figure 2.7 shows the plot of 𝑛𝑡𝑟𝑎𝑛𝑠,0
𝐶𝐻4,𝑇  versus the CH4 density and 
temperature for both sets of measurements with SS cylinders of volumes Vref1 and 
Vref2, respectively. Using a multivariate linear interpolation the 𝑛𝑡𝑟𝑎𝑛𝑠,0
𝐶𝐻4,𝑇  can be 
conveniently calculated for any point given by T, 𝜌𝑠𝑐
𝐶𝐻4,𝑇 and 𝑉𝑣𝑜𝑖𝑑
𝐻𝑒,𝑇
 (or sample 
volume, 𝑉𝑠
𝐻𝑒,𝑇
) within the limits of the experimental data. Hence, the isotherms in 
Figure 2.7 are regarded as the “non-sorption” isotherms of CH4 for apparatus 
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described here (= total amount of unadsorbed CH4 in a given void volume at given 
pressure and temperature). 
 
Figure 2.7 Blank expansion tests of CH4 represented as “non-sorption” isotherms (total 
amount of gas transferred in the sample cell) plotted against the gas density in the sample 
cell. Two sets of measurements with SS cylinders of volume Vref1 and Vref2 are shown, 
respectively. Using a multivariate linear interpolation, non-sorption isotherms for any 
temperature and void (or sample) volume within the experimental range can be calculated. 
2.2.3. Void volume 
The void volume is typically determined by helium expansion. The use of the 
helium to define the reference “non-sorption” case is not entirely unambiguous and 
several works have reported that a non-negligible sorption of helium takes place at 
ambient temperatures on activated carbons and zeolites (Malbrunot et al., 1997; 
Sircar, 2001; Gumma and Talu, 2003). The second source of difficulty with this 
approach discussed in the literature is the definition of the accessible volume and its 
dependency on sorptive gas (size exclusion effect) (Herrera et al., 2010, 2011). In 
coals, the magnitude of the helium sorption is expected to be very small (in µmol/g 
range compared to mmol/g of the typical sorption capacities for CH4 or CO2) and thus 
considered to be negligible (Sakurovs et al., 2009). For the lack of a better alternative, 
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the He expansion is used as a “standard” procedure in measuring high-pressure excess 
sorption.  
In this study, the void volume was measured by successive He expansions up to 
10 MPa at each experimental temperature (311 K, 338 K, 373 K and 423 K) for both, 
the experiments with SS cylinder and with the shale sample. For the evaluation of the 
void volume measurement with helium the most straightforward and unambiguous 
procedure is to construct the total-mass-of-transferred-helium (𝑚𝑡𝑟𝑎𝑛𝑠
𝐻𝑒,𝑇
) versus the 
equilibrium density of helium in the sampe cell (𝜌𝑠𝑐
𝐻𝑒,𝑇
) isotherm, the slope of which is 
equal to the void volume (𝑉𝑣𝑜𝑖𝑑
𝐻𝑒,𝑇
). For the two-temperature manometric setup 
described in this work, 𝑚𝑡𝑟𝑎𝑛𝑠
𝐻𝑒,𝑇
 is given by: 
𝑚𝑡𝑟𝑎𝑛𝑠
𝐻𝑒,𝑇 = 𝑉𝑟𝑐
𝑇𝑟𝑒𝑓 ∑ (𝜌𝑟𝑐,𝑖
𝐻𝑒,𝑇𝑟𝑒𝑓 − 𝜌𝑟𝑐,𝑓
𝐻𝑒,𝑇𝑟𝑒𝑓)𝑁𝑘=1 − 𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓𝜌𝑟𝑐,𝑓
𝐻𝑒,𝑇𝑟𝑒𝑓
 (2.4a) 
𝑚𝑡𝑟𝑎𝑛𝑠
𝐻𝑒,𝑇 = 𝜌𝑠𝑐
𝐻𝑒,𝑇𝑉𝑣𝑜𝑖𝑑
𝐻𝑒,𝑇 +  𝑐     (2.4b) 
where c is a constant approximately equal to zero. This procedure is preferable as (1) 
it does not require any subjective data point elimination or selection (e.q. outliers, data 
scatter as the equilibrium pressure approaches the maximum pressure value); (2) the 
slope is independent of the initial pressure value and (3) it mimics the evaluation of 
the excess isotherm in which the total amount of sorptive gas successively transferred 
into the sample cell is measured. 
2.2.4. Calculation of excess sorption: evaluation procedure A 
The sorption measurements with methane and the void volume measurements 
with helium follow the same scheme of loading the reference cell with gas and its 
subsequent expansion into the sample cell in successive steps. During initial 
equilibration steps pressure decline over time is monitored carefully to ensure that the 
system has reached equilibrium. Successive injection and expansions steps with 
methane are continued until the final pressure in the sample cell has reached ~ 
25 MPa. The excess sorption for the two-temperature system and accounting for non-
zero blank isotherms is calculated from the following mass balance:  
𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝐶𝐻4,𝑇 =
103
𝑚𝑠𝑀𝐶𝐻4
[∑ 𝑉𝑟𝑐
𝑇𝑟𝑒𝑓 (𝜌
𝑟𝑐,𝑖
𝐶𝐻4,𝑇𝑟𝑒𝑓 − 𝜌
𝑟𝑐,𝑓
𝐶𝐻4,𝑇𝑟𝑒𝑓)
𝑁
𝑘=1
− 𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓𝜌
𝑟𝑐,𝑓
𝐶𝐻4,𝑇𝑟𝑒𝑓 − 𝑉𝑣𝑜𝑖𝑑
𝐻𝑒,𝑇𝜌𝑠𝑐
𝐶𝐻4,𝑇] − 𝑛𝑒𝑥𝑐𝑒𝑠𝑠,0
𝐶𝐻4,𝑇,𝑝
     (2.5) 
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where ms and MCH4 is sample mass and molar mass of methane, respectively. The last 
term on RHS of the equation is a mathematical correction for the excess sorption 
capacity of the blank measurements (Figure 2.5). 
2.2.5. Calculation of excess sorption: evaluation procedure B 
This approach uses a slightly different definition of the “non-sorption” case 
described above. In evaluation A, the non-sorption reference state is defined by the 
void volume measured with helium (as “non-sorbing” gas) at the respective 
temperature of the sorption experiment multiplied by the CH4 density. In evaluation 
B, however, the non-sorption case is defined as the amount of CH4 of the blank test 
with a “non-sorbing” reference sample (e.g. SS cylinder) at the equivalent He void 
volume. In other words, with this technique we are comparing how much CH4 can be 
transferred into the sample cell containing the adsorbent sample relative to how much 
gas can be transferred into the sample cell containing the non-sorbing sample having 
the same volume.  
By defining (1) the “sorption case” as the total amount of CH4 transferred into the 
sample cell containing the adsorbent sample with the void volume 𝑉𝑣𝑜𝑖𝑑
𝐻𝑒,𝑇
 and (2) the 
“non-sorption case” as the total amount of CH4 transferred into the sample cell 
containing a non-sorbing reference sample at the equivalent 𝑉𝑣𝑜𝑖𝑑
𝐻𝑒,𝑇
: 
Sorption case: 𝑛𝑠
𝐶𝐻4 = 𝑛𝑡𝑟𝑎𝑛𝑠
𝐶𝐻4,𝑇,𝜌(𝑉𝑣𝑜𝑖𝑑
𝐻𝑒,𝑇)   
Non-sorption case: 𝑛𝑛−𝑠
𝐶𝐻4 = 𝑛𝑡𝑟𝑎𝑛𝑠,0
𝐶𝐻4,𝑇,𝜌(𝑉𝑣𝑜𝑖𝑑
𝐻𝑒,𝑇)  
the excess sorption normalized to the sample weight (ms), is obtained from the 
difference of the sorption (index s) and the non-sorption (index n-s) case: 
𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝐶𝐻4 =
103
𝑚𝑠
(𝑛𝑠
𝐶𝐻4 − 𝑛𝑛−𝑠
𝐶𝐻4)    (2.6) 
where 𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝐶𝐻4  in mmol/g.  
The non-sorption reference isotherm for CH4 is obtained by the interpolation of 
the data presented in Figure 2.7. Although the use of He to measure the void (or 
sample) volume cannot be avoided, with this approach, both the sorption and non-
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sorption isotherms are measured with the sorptive gas. This way the measurement 
artifacts described in previous section cancel out in the final result. This is equivalent 
to performing the “blank correction” in the mass balance (Eq. 2.5) in the evaluation 
A. However, the mathematical procedure with this approach is significantly 
simplified. 
2.2.6. Equation of state (EoS) 
For high-pressure sorption isotherm measurements, the choice of EoS will have a 
significant influence on the calculated sorption quantity. While some modern 
gravimetric instruments enable direct measurements of gas density, in manometric 
method the gas density (or compressibility factors) are calculated from measured 
pressure and temperature data using an appropriate EoS. Commonly used EoS include 
for example the cubic equations of Peng-Robinson (P-R) or Soave-Redlich-Kwong 
(SRK), which are based on critical point data and acentric factors, or the virial-type 
equation of Benedict-Webb-Rubin. Currently, the most accurate EoS for CH4 and 
CO2, are however, the multi-parameter wide-range EoS by Setzmann and Wagner 
(1991) and Span and Wagner (1996), respectively. These EoS are based on the 
dimensionless Helmholtz energy and provide excellent accuracy even at the critical 
region. They are used for instance in the National Institute of Standards and 
Technology (NIST) Chemistry WebBook and in the NIST REFPROF software 
package. Recently, the same group introduced the GERG 2004 (Kunz et al., 2007) 
and the new GERG 2008 (Kunz and Wagner, 2012) EoS for multi-component 
mixtures for up to 21 natural gas components which will be used as an ISO standard 
(ISO 20765-2/3) for natural gases. 
As pointed out by Mavor et al. (2004), the differences in EoS can lead to 
variations of up to 20% in the calculated sorption capacities (see also van Hemert et 
al., 2010 and Busch and Gensterblum, 2011). In this study the EoS by Setzmann and 
Wagner (1991) for CH4 and McCarty and Arp (1990) for He were used (Span and 
Wagner (1996) EoS for CO2 was used for data presented in Figure 2.4 and Figure 
2.6). 
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2.2.7. Uncertainty analysis 
The propagation of the experimental uncertainties into the final result was 
simulated using a Monte Carlo algorithm. The uncertainty analysis included both the 
volume calibration and the actual sorption measurement. Systematic and random 
uncertainties were quantified separately owing to their different nature. The details of 
the uncertainty analysis are described in appendix. 
2.3. RESULTS AND DISCUSSION 
2.3.1. Void volume 
The results of the void volume data measured on the shale sample as a function of 
temperature are shown in Figure 2.8. Note, that the void volume increases linearly 
with temperature and this is a net result of the thermal expansion of SC and the shale 
sample. This volumetric change with temperature can be expressed as an effective 
coefficient of thermal expansion (𝛽𝑣𝑜𝑖𝑑). From the thermal expansion of the SC itself 
(𝛽𝑠𝑐 = 52 ppm/K) determined in a calibration test and from the measured 𝛽𝑣𝑜𝑖𝑑 an 
apparent volumetric thermal expansion of the shale sample can be calculated (𝛽𝑎𝑝𝑝) 
(see appendix for details).  The term “apparent” is used due to the fact that the 
observed change in the sample He volume will be affected by any changes in pore 
accessibility with temperature. The obtained 𝛽𝑎𝑝𝑝 for the studied shale sample is 36 
ppm/K. For a comparison with the volumetric thermal expansion coefficients of other 
shales studied in Gasparik et al. (2013a) as well as with thermal expansion data for 
some common rock constituents see appendix.   
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Figure 2.8 The measured helium void volume versus temperature for the HPHT 
sorption experiment with the shale sample. The linear increase in the void volume 
with temperature is due to the net effect of the thermal expansion of the sample cell 
and the shale sample. βvoid and βapp is the (volumetric) thermal expansion and 
apparent thermal expansion of the void volume and the sample, respectively (see 
Appendix D). 
2.3.2. HPHT excess sorption isotherms 
The resulting CH4 excess sorption isotherms obtained using the evaluation 
procedure A and B, taking into account the blank CH4 expansion tests with a non-
sorbing sample, are shown in Figure 2.9. As expected, both procedures lead to the 
same result, albeit small differences which are related to the averaging and/or 
interpolation errors of the “blank excess sorption” (A) or the “non-sorption” (B) 
isotherms. Also shown in Figure 2.9 are the “raw” excess sorption isotherms (not 
considering the blank tests) as well as the raw isotherms for which the thermal 
expansion effects were neglected (𝑉𝑣𝑜𝑖𝑑
𝐻𝑒,𝑇 = 𝑉𝑣𝑜𝑖𝑑
𝐻𝑒,𝑇𝑟𝑒𝑓
 for each T). It is observed that the 
raw isotherms underestimate the sorption capacity by up to 0.02 mmol/g at the high-
pressure end. The consideration of the blank tests with sorptive gas in the final result 
of the measured excess sorption isotherms improves the accuracy as the apparatus-
specific artifacts are accounted for quantitatively. Furthermore, as shown in 
Figure 2.9, neglecting of the thermal expansion effects leads to an over-estimation of 
the sorption capacity as the experimental temperature departs the reference 
temperature (T > Tref). However, when the void volume is measured at each 
  
37 
Optimization of experimental techniques for high-pressure high-temperature 
sorption measurements on shales using a manometric setup 
experimental temperature (Figure 2.8) the thermal expansion is implicitly accounted 
for in the mass balance.     
The final excess sorption isotherms and the results of the uncertainty analysis are 
shown in Figure 2.10. The error bars correspond to the systematic unexpanded (one 
standard deviation, k = 1) uncertainty estimated using a Monte Carlo algorithm (see 
appendix).  For reasons discussed in appendix the random uncertainty was not 
considered in the Figure 2.10. Further, it should be noted that the correction of the 
measured “raw” isotherms by the blank measurements was also not considered in the 
uncertainty analysis and the residual uncertainty in the “blank-corrected” isotherms is 
expected to be smaller. Quality-check tests performed on shale samples in our 
laboratory show excellent repeatability on a single setup as well as reproducibility 
between different setups (single- and two-temperature systems) of the blank corrected 
sorption isotherms (see Appendix).   
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Figure 2.9 The resulting excess sorption isotherms obtained by the evaluation 
procedure A and B accounting for the blank tests with a non-sorbing sample. The 
slight differences between A and B are due to averaging and interpolation. Also 
shown are the “raw” isotherms and the effect of neglecting the thermal expansion of 
the sample cell. The raw excess sorption underestimate somewhat the sorption 
capacity, while ignoring the thermal expansion increasingly overestimates the 
sorption capacity at higher temperature. 
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Figure 2.10 The final excess sorption isotherms (red squares) and propagation of 
systematic uncertainty obtained by Monte Carlo analysis. The yellow crosses 
represent individual results calculated from input parameters to which systematic 
errors were introduced (assuming normal distribution). The error bars correspond to 
one standard deviation. The random uncertainties are not considered in this plot for 
reasons discussed in appendix. The solid and dotted lines represent the fit of the 3-
parameter Langmuir-based excess sorption function to the measured isotherm and to 
the isotherms deviating one standard deviation from the measured one according to 
the uncertainty analysis. The fitting was performed simultaneously for all isotherms 
(311 K, 338 K, 373 K and 423 K) on the parameters nL, ΔH, ΔS and ρads. 
2.3.3. Parameterization of sorption isotherms 
The measured excess sorption data were fitted by a 3-parameter (nL, pL, ρads) 
excess sorption function based on the Langmuir function for absolute sorption 
(Gensterblum et al. 2009, 2010; Gasparik et al. 2012): 
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𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝑓𝑖𝑡 (𝑇) = 𝑛𝐿
𝑝
𝑝+𝑝𝐿(𝑇)
(1 −
𝜌𝑔(𝑝,𝑇)
𝜌𝑎𝑑𝑠
)   (2.7) 
With the Langmuir adsorption model, thermodynamic parameters describing the 
sorption process can be obtained from the temperature dependence of the Langmuir 
pressure constant, pL(T) (Myers and Monson, 2002):  
ln 𝑝𝐿 =
∆𝐻
𝑅𝑇
−
∆𝑆
𝑅
+ ln 𝑝0    (2.8) 
where ∆𝐻 is the enthalpy of sorption, which is equal in magnitude to the isosteric heat 
of adsorption qst but with negative sign, (∆𝐻 = −𝑞𝑠𝑡); ∆𝑆 is the molar entropy of 
sorption and p0 = 0.1 MPa is the pressure at the perfect-gas reference state (Myers and 
Monson, 2002). The sorption enthalpy (ΔH) is a measure of interaction energy 
between gas molecules and the solid. The sorption entropy (ΔS) is proportional to the 
reduction in the mobility of gas molecules being adsorbed on the surface. 
For the fitting procedure, in order to minimize the number of degrees of freedom, 
the parameters nL, ΔH, ΔS and ρads were fitted simultaneously to all isotherms 
measured at different temperatures. The fitted parameters of the excess sorption 
function are listed in Table 2.3. The fitting performance was characterized by the 
parameter Δn according to the equation:    
∆𝑛 =
1
𝑁
√∑ (𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝑒𝑥𝑝 − 𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝑓𝑖𝑡 )
2
𝑁
1     (2.9) 
where N is the number of data points, 𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝑒𝑥𝑝
 and 𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝑓𝑖𝑡
 is the measured and 
calculated value for excess sorption for individual point, respectively.  
The values of ΔH and ΔS obtained in this study (-16.2 kJ/mol and -79 J/mol, 
respectively) are representative of other published data for organic-rich shales and 
clay minerals (Gasparik et al., 2013a,b; Ji et al., 2012; Rexer et al., 2013; Zhang et al., 
2012). Additional nL, ΔH, ΔS and ρads parameters were obtained by fitting the 
isotherms deviating one standard deviation from the measured ones based on the 
uncertainty analysis. These parameters are included in the legend to Figure 2.10.  
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Table 2.3 Fitted values of the 3-parameter Langmuir-based excess 
sorption function. 
 
Fitting parameters (Eq. 7 and 8) Quality of fit 
No. of 
data points 
1/T 
×103 (K-1) 
nL  
(mmol/g) 
ΔH  
(kJ/mol) 
ΔS  
(J/mol/K) 
ρads  
(kg/m³) 
Δn 
×104 
N 
3.213 
0.168 
- 16.2 
± 0.7 
- 79 
± 2 
427 
5.5 18 
2.956 6.1 15 
2.677 7.0 13 
2.359 4.9 15 
2.3.4. Behaviour of excess sorption with temperature 
The fitted isotherms in Figure 2.11(a) were extended beyond the range of 
experimental pressures to show that the isotherms will intersect at some high pressure 
and apparently reversed temperature dependence is observed (higher excess sorption 
at higher temperatures). Such behavior of excess isotherms with temperature has been 
reported in the literature for molecular sieves and activated carbons (Salem et al. 
1998; Herbst and Harting 2002). Also shown in Figure 2.11(b) are CH4 excess 
sorption isotherms on activated carbon (Norit R1) from Herbst and Harting, measured 
up to 50 MPa using a Rubotherm gravimetric apparatus, showing the same cross-over 
effect. This cross-over of the excess sorption isotherms disappears when the excess 
sorption is plotted against gas density, rather than pressure (di Giovanni et al., 2001). 
This is shown in Figure 2.12, where the excess sorption of the studied shale sample 
and the extrapolated 3-parameter Langmuir fits are plotted against the methane 
density. There is no cross-over and the extrapolated Langmuir fits intersect the 
density axis at the value of ρa. The value of the adsorbed phase density obtained the 
best fit is close to the density of liquid methane at normal boiling point (423 kg/m³) 
which is commonly assumed for the density of sorbed phase.  
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Figure 2.11 (a) Excess sorption isotherms measured on the shale sample in this study 
with the Langmuir fits extrapolated to 50 MPa, show the same qualitative features as 
(b) the experimental data by Herbst and Harting on activated carbon extending up to 
50 MPa. A cross-over of the isotherms is observed at pressures above 20 MPa. Note 
the difference in the scale of the excess sorption. 
 
 
Figure 2.12 When excess sorption plotted is plotted against the gas density no cross-
over is observed. The extrapolated Langmuir fits intersect the density axis at a value 
corresponding to the sorbed phase density parameter (ρa). The extrapolation beyond 
the experimental pressure (density) range is only demonstrative and should not be 
relied on. 
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2.4. USE OF SORPTION DATA IN GEOLOGICAL APPLICATIONS 
The real geological systems are very complex and the true in-situ conditions are 
difficult if not impossible to measure or predict. Moreover, shales are characterized by 
a high degree of heterogeneity which makes their evaluation as hydrocarbon prospects 
very difficult. At the same time, the sorption processes are affected by a number of 
geological factors in addition to in-situ pressure and temperature and the widely 
documented influence of geochemical attributes (TOC, clay mineralogy, thermal 
maturity). The most important of these are: (i) presence of fluids, namely water and 
liquid hydrocarbons; (ii) composition of the gas mixture; and (iii) rock fabric. The 
laboratory measurements of sorption should cover a representative range of well 
defined conditions in order to be applicable to such heterogeneous systems. The 
extension of experimental conditions to high pressures and high temperatures as 
described in this work is but one aspect in the assessment of the shale gas reservoirs.  
The moisture has been shown to have a strong reducing effect on the CH4 
sorption capacity in shales (> 40% reduction compared to the dry state) due to 
competitive sorption (Gasparik et al., 2013a,b; Ross and Bustin, 2009). However, 
very few data on sorption in moist shales covering only a narrow range of moisture 
contents have been reported up to date. Moreover, sorption measurements on moist 
shales at high temperatures pose a technical challenge and are not possible with the 
experimental design described in this study due to the presence of thermal gradient 
(i.e. water condensation in cool spots).  
To our best knowledge, no studies have been reported yet on the sorption of gas 
mixtures on shales. While methane will be the dominant gas phase in a shale gas 
reservoir the presence of small amounts of light-weight hydrocarbon (e.g. ethane, 
propane) and/or non-hydrocarbon gases (e.g. carbon dioxide, nitrogen) will reduce the 
overall sorption to methane due to competitive sorption. Moreover, the sorption 
properties of light-weight hydrocarbon gases and of CO2 are of interest for wet-gas 
reservoirs and for the assessment of CO2 storage potential (or enhanced methane 
recovery), respectively.              
With respect to rock fabric, the laboratory derived sorption capacity will be 
influenced by the degree of interconnectivity of the organic matter-hosted micropores 
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to the macropore- and fracture-network system and the particle size of the studied 
samples. Using cuttings (as in this study) instead of powder samples provides a trade-
off between preserving the porous fabric at least to some extent and reasonable 
measuring times. Additionally, it reduces a risk of valve wear-out in the measuring 
apparatus due to suspended solid fines (in spite of using the in-line filters). In 
individual cases higher sorption capacities (up to 20%) were observed for powder 
samples compared to cuttings (Gasparik et al. 2013a). On the other hand, 
measurements on intact samples under controlled stress conditions would provide a 
more realistic estimate of the recoverable amount of sorbed (as well as free) gas. 
These methodologies are still, however, only in the testing stage. The excess sorption 
capacities measured on unconfined crushed samples in dry state should be considered 
as maximum limit.                
In addition to the measurements of the storage capacity (sorbed + free gas 
capacity), in order to decrease the “geological risk” in predictions of the actual “Gas-
In-Place” (GIP) in an early exploration stage, an integrated approach based on a 
“dynamic” system is necessary. This usually involves an integration of the basin (or 
petroleum systems) modeling (to simulate the hydrocarbon generation and expulsion, 
pore pressure evolution, vertical movements in the course of burial history, etc.) with 
the laboratory derived sorption data. It should be mentioned here that on the 
implementation level, the sorption modules used in numerical modeling packages 
should be based on excess sorption functions (e.g. the Langmuir-based excess 
sorption function used in this study) and the use of “absolute” sorption should be 
abandoned as it is not an unambiguously defined quantity (see e.g. Busch and 
Gensterblum, 2011 for explanation of the difference between the excess and absolute 
sorption). The use of excess sorption-based parameterization has the advantage of 
being a close representation of the experimental data and does not require any 
volumetric corrections for the calculation of free gas component as discussed by 
Ambrose et al. (2010). These corrections result from the fact that the adsorbed 
molecules have a finite volume-reducing effect on the pore volume occupied by the 
free phase. By sticking to the usage of excess sorption, however, no volumetric 
corrections for the free gas phase are necessary by definition. 
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2.5. CONCLUSIONS 
We have demonstrated the capabilities of an adapted manometric method to study 
sorption on carbonaceous shales at high pressures and high temperatures. Excess 
sorption measurements with methane were performed up to 25 MPa and 423 K on an 
organic-rich high-maturity shale sample. The experimental setup uses two separate 
heating zones in order to achieve high temperatures in the sample cell. Mass balance 
equations are presented to quantitatively account for the temperature gradient and the 
thermal expansion of the sample cell. Blank measurements with a non-sorbing sample 
revealed non-zero blank excess sorption isotherms with significant magnitude 
considering the low sorption capacity of shales. These artifacts are systematic in our 
laboratory on both, single- and two-temperature sorption setups and are believed to 
result from the measurement inaccuracies or the inaccuracy of the equations of state. 
Two mass balance approaches are presented to compensate for these effects in the 
final result of the sorption measurement on shale sample to improve the overall 
accuracy. The temperature dependence of the resulting excess sorption isotherms 
shows the same qualitative features as published methane sorption data on activated 
carbon at very high pressures, albeit the sorption capacity being roughly two orders of 
magnitude lower (< 0.12 mmol/g). Using a Monte Carlo approach the propagation of 
experimental uncertainties (systematic + random) in the final excess sorption was 
studied. The estimated uncertainty in excess sorption due to systematic errors was 
found to be ± 0.007 mmol/g (one standard deviation) at 25 MPa. However, the 
uncertainty analysis does not take into account the correction for the blank tests and is 
therefore expected to represent a conservative estimate. The uncertainty due to 
random errors was significantly overestimated (as compared to experimental evidence 
from repeated measurements) and this is attributed to an experimental design issue. 
The problem can be resolved by installing the temperature sensors inside the cells (in 
addition to improving the temperature stability of the heated zones). A 3-parameter 
excess sorption function based on Langmuir model for absolute sorption provides an 
excellent representation of the experimental data over the entire range of experimental 
conditions with Langmuir pressure being the only temperature variant parameter. 
Consideration and uncertainties with respect to using sorption data in geological 
applications were briefly discussed. 
 46 
3. OPTIMIZATION OF EXPERIMENTAL TECHNIQUES FOR HIGH-
PRESSURE HIGH-TEMPERATURE SORPTION MEASUREMENTS ON 
SHALES USING A MANOMETRIC SETUP 
PART 2: “MULTI-TEMPERATURE” METHOD FOR HIGH-PRESSURE 
SORPTION MEASUREMENTS ON MOIST SHALES 
ABSTRACT 
A simple and effective experimental approach has been developed and tested to 
study the temperature dependence of high-pressure methane sorption in moist 
organic-rich shale rocks (low-sorbing natural adsorbents). This method, referred to as 
“multi-temperature” (shortly “multi-T”) method, enables measuring multiple 
isotherms at varying temperatures in a single measuring run. The measurement of 
individual sorption isotherms at different temperatures takes place in a closed system 
ensuring that the moisture content remains constant. The multi-T method was 
successfully tested for methane sorption on an organic-rich shale sample. Excess 
sorption isotherms for methane were measured at pressures of up to 25 MPa and at 
temperatures of 318.1 K, 338.1 K and 348.1 K on dry and moisture-equilibrated 
sample. The measured isotherms were parameterized with a 3-parameter Langmuir-
based excess sorption function, from which thermodynamic sorption parameters 
(enthalpy and entropy of adsorption) were obtained. Using these, we show that by 
taking explicitly into account water vapor as molecular species in the gas phase, with 
temperature-dependent water vapor pressure during the experiment, more meaningful 
results are obtained with respect to thermodynamical considerations. The proposed 
method can be applied to any adsorbent system (coals, shales, industrial adsorbents) 
and any supercritical gas (e.g. CH4, CO2) and is particularly suitable for sorption 
measurements using the manometric (volumetric) method.   
3.1. INTRODUCTION 
There is a considerable research interest in sorption properties of coals, and more 
recently shales, stimulated by their economic potential (Coal Bed Methane, Shale 
Gas) and development of concepts to mitigate the climate change though capture and 
storage of CO2 in geologic formations. The crucial role of moisture in sorption 
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process is widely recognized in the literature. The sorption capacities to methane and 
carbon dioxide were shown to decrease significantly in presence of moisture in coals 
(Coppens, 1936; Joubert et al., 1973, 1974; Krooss et al., 2002; Hildenbrand et al., 
2006; Busch et al., 2006; Siemons and Busch, 2007; Crosdale et al., 2008; Day et al., 
2008; Ozdemir and Schroeder, 2009; Battistuta et al. 2012; Švábová et al., 2012), 
shales (Busch et al., 2008; Ross and Bustin, 2009) and activated carbons (e.g. 
Gensterblum et al. 2009, Billemont et al., 2011). The detrimental effect of moisture 
on the sorption capacity of gas (CH4, CO2) is attributed to water and gas molecules 
competing for sorption sites or by simple volumetric displacement. On the other hand, 
some studies on methane sorption in activated carbons suggested that the moisture can 
enhance the sorption capacity through the formation of methane hydrate under 
specific experimental conditions (Zhou et al., 2002; Miyawaki et al., 1998).  
Published high-pressure sorption data for moist coals are commonly reported as 
sorption isotherms at given moisture contents on coal samples that were moisture-
equilibrated at some specified relative humidity conditions. There is, however, limited 
data available up to date on the temperature dependence of sorption capacity for coals 
and none for shales. The major experimental difficulty lies in the fact that small 
changes in the moisture content between the individual measurements at respective 
temperatures can greatly affect the moisture capacity and hence, the resulting change 
in sorption capacity cannot be attributed to the temperature alone. The changes may 
arise during evacuation cycles if isotherms are measured on a single sample in a 
consecutive manner, or when split samples moisturized at same relative humidity 
conditions are used to measure each isotherm. Inter-laboratory studies on CO2 
sorption in moist coals (Goodman et al. 2004, 2007) suggested that the variations in 
sorption capacity between individual laboratories results from differences in moisture 
contents. Modifications of the experimental sorption setup can enable some control on 
the moisture content of the adsorbent sample in the sample cell. For example, 
Billemont et al. (2011) modified their gravimetric Rubotherm setup to allow “in-situ” 
moisture-equilibration of the sample directly in the sample cell. The gravimetric 
setups are particularly suitable for this approach as they are based on direct 
measurement of weight change and, this way, the in-situ moisture content can be 
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directly measured. This approach is, however, not applicable for manometric 
(volumetric) sorption devices.  
Here, we present a simple experimental approach for manometric apparatus to 
measure sorption isotherms at different temperatures under closed system conditions. 
It enables thus to keep the moisture constant at all temperatures. In addition, the 
measuring times can be significantly reduced as the sample need not be de-gassed 
between individual measurements for different temperatures. This “multi-
temperature” technique was successfully tested on dry and moisture-equilibrated 
samples. Excess sorption isotherms for methane were measured at pressures of up to 
25 MPa and temperatures of 318 K, 338.1 K and 348.1 K on a dry and moisture-
equilibrated organic-rich shale sample. The measured isotherms can be accurately 
represented by a 3-parameter function, which is based on the Langmuir function for 
absolute sorption and a density term relating excess and absolute sorption. The results 
are discussed with respect to the thermodynamic parameters derived from the 
temperature dependency of the Langmuir pressure constant. 
3.2. METHODS 
3.2.1. Manometric high-pressure sorption setup 
A schematic representation of the manometric sorption setup (also referred to as 
Sievert-type apparatus) is shown in Figure 3.1. It consists of a stainless steel sample 
cell (SC), two high-pressure shut-off valves (v1 and v2) and a high-precision Tecsis 
pressure transducer with an accuracy of 0.05 % of the end value (25 MPa). The 
components are connected by an 1/16” stainless steel tubing. The dead volume of the 
pressure transducer and the volume of the tubing between valves v1 and v2 are used 
as reference volume (“reference cell”, RC). The apparatus is connected to methane 
and helium gas supplies with a gas purity of 99.995% and 99.999%, respectively. 
Two high-pressure VICI® valves (v1 and v2) are used as shut-off valves in front of 
the RC cell and between RC and SC. Due to their construction and operation mode 
the dead volume of these valves is the same irrespective of the position. A three-port 
valve (v3) is used to switch between the gas supply and a vacuum pump. Valves v1 
and v2 are operated by computer-controlled electric actuators. A high-precision 
piezoresistive pressure transmitter (Tecsis P3382; all metal, no polymer seals) with a 
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25 MPa range attached to the reference cell is used to monitor the pressure. The 
precision given by the vendor is 0.05% of full scale value (= 0.0125 MPa). The 
sample cell is sealed by metal face seal fittings (VCR®, Swagelok) as described in 
Checchetto et al. (2004) using nickel gaskets with an integrated 0.5 μm filter. Both 
cells, including the valves v1 and v2 and the pressure transmitter are kept at constant 
temperature using a GC oven. The temperature stability is within 0.1 K. Temperature 
readings are taken from a Pt-100 (class 1/10 B) resistance temperature detector (RTD) 
with an estimated accuracy of 0.1 K.  
The volumes of the reference and the sample cell were determined by helium 
expansion. Multiple gas expansions into the empty sample cell and into the sample 
cell containing a stainless steel cylinder of accurately known volume (reference 
volume) were performed up to 10 MPa. For the experimental set-up used in this study 
the volumes of the reference (Vrc) and the sample cell (Vsc) were 1.350 ± 0.007 cm³ 
and 11.35 ± 0.05 cm³, respectively. 
 
Figure 3.1 Schematic representation of the high-pressure manometric sorption 
apparatus. 
3.2.2. Samples and sample preparation 
High-pressure sorption isotherms were measured on dry as well as moisture-
equilibrated shale sample that was crushed to 0.5 – 1.0 mm particle size. The basic 
geochemical properties of the studied sample are listed in Table 3.1. The drying 
procedure consisted of pre-drying the sample overnight in a vacuum oven and 
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additional drying was performed in-situ at 383 K under vacuum after the sample was 
transferred into the sample cell. This in-situ drying is necessary to remove any 
moisture taken up by the sample in contact with air humidity during its placement into 
the sample cell since even small amounts of moisture can have a significant effect on 
the sorption capacity. The moist sample was prepared by moisture-equilibration at 
room temperature in an evacuated desiccator with a saturated salt solution of K2SO4 
under controlled relative pressure of water vapor (p/p0 = 0.97). The moisture content 
(m.c.) was calculated from Eq. 3.1: 
𝑚. 𝑐. =
(𝑚𝑚−𝑒−𝑚𝑑𝑟𝑦)
𝑚𝑚−𝑒
× 100 %    (3.1) 
Here, mm-e and mdry is the weight of moisture-equilibrated and dry sample, 
respectively. 
Table 3.1 Basic geochemical properties of the studied shale sample. The equilibrium 
moisture content is calculated by Eq. (1). Helium densities for dry and moist sample 
were obtained from the void volume measurements at 318.1 K on dry and moisture-
equilibrated sample, respectively.  
  
XRD (wt %) 
 
 
 
Total Organic 
Carbon, TOC  
(wt %) 
Vitrinite 
Reflectance 
(VRr %) 
Quartz + 
Feldspars 
Total  
clays 
Carbonates 
Eq. moisture 
(wt %) 
He-density, 
dry (g/cm³) 
He-density, 
moist (g/cm³) 
5.7 2.4 38.7 59.0 0.6 2.69 2.556 ± 0.002 2.476 ± 0.001 
3.2.3. Measuring procedure 
The technique described here is based on the volumetric method of high-pressure 
sorption measurement, which has been described in detail elsewhere (Mavor et al., 
1990; Krooss et al., 2002; Busch et al., 2003, Gensterblum et al., 2009; van Hemert et 
al., 2009a). The difference with this technique with respect to the conventional 
measurement is that the temperature is varied in a controlled manner during the 
sorption experiment. This is illustrated in Figure 3.2 which shows the change in 
pressure and temperature during the first four measurement steps in the sorption 
experiment. Initially, the reference cell is loaded with gas (methane) at T = 318.1 K. 
After reaching thermal equilibrium the gas is then expanded into the sample cell and 
allowed to equilibrate with the sample. When no more gas uptake is observed the 
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temperature is increased from 318.1 K to 338.1 K. During this period, new 
equilibrium is established corresponding to the change in pressure in a constant 
volume and simultaneous change in the sorption capacity upon temperature increase. 
The temperature is then increased to 348.1 K and decreased finally to 318.1 K for 
time intervals necessary to reach the equilibrium. This way, during a single gas 
injection, data points corresponding to three isotherms at 318.1 K, 338.1 K and 
348.1 K can be determined simultaneously. This procedure is repeated for consecutive 
steps until the equilibrium pressure in the sample cell reaches ~ 25 MPa. The 
restoration of the initial temperature of 318.1 K at the end of each temperature 
program cycle is not a necessity and the loading of the reference cell can be 
performed at 318.1 K and 348.1 K in an alternating manner. Here, the isotherms for 
the initial and the final 318.1 K are compared for consistency. 
The benefit of the multi-T experimental procedure is that the moisture content 
within the system remains constant at all temperatures. This ensures that the change in 
the moisture content of the sample with temperature is negligible, provided the void 
volume is sufficiently small, or that, at least, it can be accounted for by simple mass-
balance considerations. Moreover, the measuring time can be significantly reduced 
compared to the consecutive measurements. This comes mainly from the fact that in 
the latter approach the measuring speed is limited by the need to degas the sample 
after each individual sorption measurement. This can be a very lengthy process for 
moist coal and shale samples – especially, if care is given not to lose moisture during 
the degassing process (e.g. by cooling the sample cell and short evacuation intervals 
followed by monitoring of the degassing).  
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Figure 3.2 Measuring program used in the “multi-T” method showing the first four 
gas injection steps (pressure curve, blue) and the variation in the temperature during 
the experiment (red curve). From the equilibrium data at respective temperatures the 
individual isotherms are calculated. 
3.2.3.1. Calculation of the excess sorption 
The excess sorption (Gibbs surface excess) for the ith step is calculated as a 
difference between the total mass of gas transferred into the sample cell (𝑚𝑡𝑟𝑎𝑛𝑠
𝐶𝐻4 ) and 
the mass of gas occupying the void volume (V0void) at density 𝜌𝑒𝑞
𝐶𝐻4 corresponding to 
(p,T) in the sample cell: 
𝑚𝑒𝑥𝑐𝑒𝑠𝑠,𝑖
𝐶𝐻4 = 𝑚𝑡𝑟𝑎𝑛𝑠,𝑖
𝐶𝐻4 − 𝑉𝑣𝑜𝑖𝑑
0 𝜌𝑒𝑞,𝑖
𝐶𝐻4   (3.2) 
 The mass of methane transferred from the reference into the sample cell for N 
successive injection steps is calculated from:  
𝑚𝑡𝑟𝑎𝑛𝑠,𝑖
𝐶𝐻4 = 𝑉𝑟𝑐 ∑ (𝜌𝑟𝑐,𝑖
𝐶𝐻4 − 𝜌𝑒𝑞,𝑖
𝐶𝐻4)𝑁1      (3.3) 
where Vrc is the volume of the reference cell; 𝜌𝑟𝑐
𝐶𝐻4  and 𝜌𝑒𝑞
𝐶𝐻4 is, respectively, the 
density of methane in the reference cell at the end of the loading step and the 
equilibration step. In the multi-T experiment, the temperature during the loading of 
the reference cell (𝑇0) was always equal to 318.1 K. Normalized to dry sample weight 
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(mdry), the excess sorbed mass (𝑚𝑒𝑥𝑐𝑒𝑠𝑠
𝐶𝐻4 ), respectively, the excess sorbed amount 
(𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝐶𝐻4 ) for each temperature (Tj) is calculated from Eq. 3.4a and 3.4b:  
𝑚𝑒𝑥𝑐𝑒𝑠𝑠,𝑖
𝐶𝐻4 (𝑇𝑗) =
1
𝑚𝑑𝑟𝑦
(𝑉𝑟𝑐 ∑ [𝜌𝑟𝑐,𝑖
𝐶𝐻4(𝑇0) − 𝜌𝑒𝑞,𝑖
𝐶𝐻4(𝑇𝑗)] − 𝑉𝑣𝑜𝑖𝑑
0 𝜌𝑒𝑞,𝑖
𝐶𝐻4(𝑇𝑗)
𝑁
1 )   (3.4a) 
𝑛𝑒𝑥𝑐𝑒𝑠𝑠,𝑖
𝐶𝐻4 (𝑇𝑗) =
103
𝑚𝑑𝑟𝑦𝑀𝐶𝐻4
(𝑉𝑟𝑐 ∑ [𝜌𝑟𝑐,𝑖
𝐶𝐻4(𝑇0) − 𝜌𝑒𝑞,𝑖
𝐶𝐻4(𝑇𝑗)] − 𝑉𝑣𝑜𝑖𝑑
0 𝜌𝑒𝑞,𝑖
𝐶𝐻4(𝑇𝑗)
𝑁
1 )  (3.4b) 
where 𝑀𝐶𝐻4 is the molar mass of methane. The void volume 𝑉𝑣𝑜𝑖𝑑
0 was measured by 
helium expansion (𝑉𝑣𝑜𝑖𝑑
0 = 𝑉𝑣𝑜𝑖𝑑
𝐻𝑒 ) at 318.1 K. The same value of 𝑉𝑣𝑜𝑖𝑑
0  is assumed for 
the temperatures of 338.1 K and 348.1 K (i.e. in this temperature range the net 
volumetric effect of the thermal expansion of the sample cell and the sample is 
assumed to be negligible). The void volume was measured over a range of pressures 
and no significant change with pressure was observed (Figure 3.3). 
 
Figure 3.3 Void volume measured by helium expansion at 318.1 K versus pressure in 
the sample cell. 
3.2.4. Consideration of the water vapor pressure in the excess sorption 
calculation 
After the installation of the moist sample into the sample cell and initial 
evacuation, which was performed for a short time (1 – 2 mins) at room temperature, 
the system is equilibrated at the starting experimental temperature (T0 = 318.1 K). The 
minimum pressure in the sample cell will correspond to the pressure of the water 
vapor (pv) that is in equilibrium with the moisture of the shale sample at T0. The value 
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of the vapor pressure will vary with the experimental temperature (Tj). We consider 
this temperature-dependent water vapor pressure in the mass balance approach 
described here and demonstrate that it has a non-negligible effect on the resulting 
methane excess sorption for the studied shale sample. Moreover, as we will show 
later, the results obtained with this approach are consistent from the thermodynamic 
point of view. 
In an evacuated sample cell and at temperature 𝑇𝑗, the vapor pressure will be 
equal to saturation pressure, 𝑝0
𝑣(𝑇𝑗), multiplied by water activity of the shale sample 
(𝑎𝑤). The water activity is assumed to be equal to the water activity (relative pressure, 
p/p0) during moisture equilibration in the desiccator (i.e. no water is lost or gained 
during the sample installation into the sample cell and the void volume is sufficiently 
small compared to the overall water content of the sample to cause any significant 
change in moisture content when a new equilibrium between the moisture of the 
sample and the vapor phase occupying the void volume is established). Then, for the 
vapor pressure: 
𝑝𝑣(𝑇𝑗) = 𝑎𝑤𝑝0
𝑣(𝑇𝑗)      (3.5) 
where aw = p/p0 = 0.97. The saturated vapor pressure at Tj can be conveniently 
estimated using e.g. the Antoine equation (Poling et al. 2001, p. 7.4): 
log10 𝑝0
𝑣(𝑇𝑗) = 𝐴 −
𝐵
𝑇𝑗+𝐶−273.15
     (3.6) 
where Tj is in Kelvin. Parameters for water are: A = 5.11564, B = 1687.537 and C = 
230.17 (Poling et al. 2001). It should be noted, however, that this approach is strictly 
valid only for planar water surfaces and should therefore be considered only a first-
order approximation when dealing with curved water surfaces inside the pores of the 
shale matrix.  
The values for 𝑝𝑣(𝑇𝑗) were calculated from Eq. 3.5 and 3.6. These were then 
compared with the measured pressure data obtained by running the experimental 
temperature program in the evacuated sample cell. The measured and calculated 
pressure values are in a very good agreement as shown in Figure 3.4. 
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Figure 3.4 Change in the “vacuum” pressure (blue dots) in the sample cell 
containing the moist sample with temperature (red line). The green line corresponds 
to the calculated vapor pressure (Eq. 3.5 and 3.6) and is in good agreement with the 
measured pressure data. 
Since the measurement of the sorption isotherms at different temperatures in the 
multi-T experiment is performed under closed-system conditions, the total amount of 
water remains constant. The total amount of water in the system (𝑚𝑡𝑜𝑡𝑎𝑙
𝐻2𝑂 ) is a sum of 
the sorbed water (i.e. the moisture content of the shale sample) (𝑚𝑠𝑜𝑟𝑏𝑒𝑑
𝐻2𝑂 ) and the 
“free water” (i.e. water vapor) (𝑚𝑓𝑟𝑒𝑒
𝐻2𝑂 ) in the void volume of the sample cell: 
𝑚𝑡𝑜𝑡𝑎𝑙
𝐻2𝑂 = 𝑚𝑠𝑜𝑟𝑏𝑒𝑑
𝐻2𝑂 (𝑇𝑗) + 𝑚𝑓𝑟𝑒𝑒
𝐻2𝑂 (𝑇𝑗) = 𝑐𝑜𝑛𝑠𝑡.  (3.7) 
 As the temperature is increased, the increase in the vapor pressure, and hence 
increase in the amount of free water in the gas phase, must be accompanied by 
corresponding decrease in the sorbed water. However, given the range of 
experimental temperatures in this study and the fact that (1) the amount of sorbed 
water is sufficiently large, while (2) the void volume is sufficiently small, the change 
in moisture content upon temperature increase is negligibly small and does not affect 
the sorption capacity to methane. This can be easily shown by calculating the change 
in moisture content at each temperature Tj based on the water vapor pressure 𝑝𝑣(𝑇𝑗) 
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and the volume corresponding to the sum of void volume (𝑉𝑣𝑜𝑖𝑑
0  = 6.130×10-6 m³) and 
reference cell volume (Vrc = 1.350×10
-6 m³). The calculated change in moisture 
content for the highest experimental temperature (348.1 K) is only -0.01 wt % (Table 
3.2.) and can be considered to have a negligible effect on the sorption capacity to 
methane. 
Table 3.2 Calculated water vapor pressure (Eq. 3.5 and 
3.6) and change in moisture content (m.c.) for the three 
experimental temperatures (Tj). The initial moisture 
content is 2.69 wt %. 
Tj (K) 𝑝𝑣(MPa) ∆𝑚. 𝑐. (wt %) 
318.1 0.010 − 
338.1 0.025 -0.006% 
348.1 0.039 -0.01% 
Next, during the sorption experiment a gas mixture of methane and water (from 
now on we will refer to the water vapor phase as simply “water”) will be present in 
the sample cell. For the calculation of the excess sorption, however, only the methane 
component should be considered. Although no direct measurements of the gas 
composition are possible for a conventional manometric setup designed for pure gas 
measurement, the composition of the gas phase can be estimated. A quantitative 
approach to estimate the gas composition, and hence the actual methane density, is 
outlined here under the assumption that: (1) the absolute water pressure is 
independent of total pressure in the sample cell and only depends on the experimental 
temperature Tj; (2) the gas phase in the reference cell (the gas injected into the sample 
cell), can be considered as pure methane. The molar fraction of methane at the i-th 
step (𝑦𝑖
𝐶𝐻4) can be calculated as the amount of substance of methane (𝑛𝑖
𝐶𝐻4) divided 
by the sum of the amounts of substance of methane and water (𝑛𝑖
𝑤) in the sample cell: 
𝑦𝑖
𝐶𝐻4 =
𝑛𝑖
𝐶𝐻4
𝑛𝑖
𝑤+𝑛
𝑖
𝐶𝐻4
      (3.8) 
From the assumption (1), 𝑛𝑖
𝑤 = 𝑛0
𝑤 which is calculated from the gas equation 
assuming ideal behavior (low pressure): 
𝑛0
𝑤(𝑇𝑗) =
𝑝𝑣(𝑇𝑗)𝑉𝑣𝑜𝑖𝑑
0
𝑅𝑇𝑗
      (3.9) 
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The molar amount of methane is calculated from the amount of gas transferred 
through the reference cell into the sample cell under the assumption (2): 
𝑛𝑖
𝐶𝐻4(𝑇𝑗) =
1
𝑀𝐶𝐻4
𝑉𝑟𝑐 ∑ [𝜌𝑟𝑐,𝑖
𝐶𝐻4(𝑇0) − 𝜌𝑒𝑞,𝑖
𝐶𝐻4(𝑇𝑗)]
𝑁
1    (3.10) 
From Eq. 3.8 to 3.10 the change in molar fraction of methane during the sorption 
experiment was calculated for each temperature and is shown in Figure 3.5. Note, 
that the molar fraction of methane deviates increasingly from unity at lower pressures 
and with increasing temperature.   
 
Figure 3.5 Calculated molar fractions of methane (yi
CH4) in the sample cell versus 
pressure (p) for each experimental temperature (Tj). yi
CH4 were calculated from Eq. 
3.8 to 3.10. The values deviate increasingly from unity at higher temperatures and 
lower pressures. 
From the (p,T) data and the calculated composition (yi
CH4) of the gas mixture in 
the sample cell, the density of the methane-water gas mixture (𝜌𝑒𝑞,𝑖
𝐶𝐻4−𝐻2𝑂) was 
calculated using the GERG2004 equation of state (EOS) (Kunz et al., 2007). The 
actual methane density in the sample cell at each Tj is then obtained from:  
𝜌𝑒𝑞,𝑖
𝐶𝐻4(𝑇𝑗) = 𝑦𝑖
𝐶𝐻4(𝑇𝑗)
𝑀𝐶𝐻4
𝑀𝐶𝐻4−𝐻2𝑂(𝑦𝑖
𝐶𝐻4)
𝜌𝑒𝑞,𝑖
𝐶𝐻4−𝐻2𝑂   (3.11) 
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where 𝑀𝐶𝐻4−𝐻2𝑂(𝑦𝑖
𝐶𝐻4) is the molar mass of the methane-water gas mixture 
calculated from the GERG2004 EOS.  
3.2.5. Parameterization of the excess sorption isotherms 
The measured excess sorption data were fitted by a 3-parameter (nL, pL, ρads) 
excess sorption function based on the Langmuir function for absolute sorption 
(Gensterblum et al., 2009, 2010; Gasparik et al., 2012): 
𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝑓𝑖𝑡 (𝑇𝑗) = 𝑛𝐿
𝑝
𝑝+𝑝𝐿(𝑇𝑗)
(1 −
𝜌𝑔(𝑝,𝑇𝑗)
𝜌𝑎𝑑𝑠
)   (3.12) 
where 𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝑓𝑖𝑡
 (mmol/g) denotes the excess sorbed amount of substance at the 
pressure p obtained by the fit to the experimental data. 𝑝𝐿(𝑇𝑗) (MPa) is the Langmuir 
pressure, corresponding to the pressure at which half of the sorption sites are 
occupied, and 𝑛𝐿 (mmol/g) is the maximum Langmuir capacity (corresponding to the 
“Langmuir volume”), denoting the amount sorbed at full occupancy of the “Langmuir 
monolayer”. The second term on the right-hand side of Eq. 3.12 containing the ratio 
of free (ρg) and sorbed phase density (ρads) results from the mass balance 
considerations between excess and absolute sorption. At low pressures (ρg << ρads) the 
density ratio approaches zero and Eq. 3.12 transforms into the well known Langmuir 
function. 
For the fitting procedure, in order to minimize the number of degrees of freedom, 
the parameters nL and ρa were held constant and only the Langmuir pressure pL was 
allowed to vary with temperature. The values of nL, pL and ρa cannot be determined 
separately from isotherm measurements. They can either be fitted simultaneously or, 
for parameter reduction a “meaningful” value for the density of the adsorbed phase 
(ρads) may be selected. In this work, a value from the best with of the lowest-
temperature isotherm (318.1 K) was taken which has the highest number of data 
points after the maximum in excess sorption.  
With the Langmuir adsorption model, thermodynamic parameters describing the 
sorption process can be obtained from the temperature dependence of the Langmuir 
pressure constant, pL (Myers and Monson, 2002):  
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ln 𝑝𝐿 =
∆𝐻
𝑅𝑇
−
∆𝑆
𝑅
+ ln 𝑝0    (3.13) 
where ∆𝐻 is the enthalpy of sorption, which is equal in magnitude to isosteric heat of 
adsorption qst but with negative sign, (∆𝐻 = −𝑞𝑠𝑡); ∆𝑆 is the molar entropy of 
sorption and p0 = 0.1 MPa is the pressure at the perfect-gas reference state (Myers and 
Monson, 2002). The ∆𝐻 and ∆𝑆 parameters are obtained from the slope and the y-axis 
intercept, respectively, of the plot of ln 𝑝𝐿 versus 1/T.  
The fitting performance was characterized by the parameter Δn according to the 
equation:    
∆𝑛 =
1
𝑁
√∑ (𝑛𝑒𝑥𝑝 − 𝑛𝑓𝑖𝑡)
2𝑁
1      (3.14) 
where N is the number of data points, nexp and nfit is the measured and calculated value 
for excess sorption for individual point, respectively. 
3.3. RESULTS AND DISCUSSION 
3.3.1. Temperature dependency of methane sorption on dry and 
moisture-equilibrated sample 
The results of the sorption measurements on dry and moisture-equilibrated sample 
at temperatures of 318.1 K, 338.1 K and 348.1 K using the multi-T method are shown 
in Figure 3.6. The isotherms for the moisture-equilibrated sample were calculated 
with explicit consideration of the water vapor pressure as described above. The excess 
sorption capacity of the moisture-equilibrated sample is reduced by up to 60% as 
compared to the dry sample. The excess sorption isotherms for the dry sample exhibit 
maxima which are typically observed on dry coals and shales. The solid and dotted 
lines in Figure 3.6 represent the fitted 3-parameter excess sorption functions (Eq. 
3.12). Representative fits to the measured excess sorption isotherms were obtained for 
the entire range of pressures and temperatures. The resulting fitting parameters for the 
dry and moisture-equilibrated sample are listed in Table 3.3 and 3.4.   
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Figure 3.6 Resulting excess sorption isotherms for methane on dry (full circles) and 
moisture-equilibrated (open circles) shale sample at temperatures of 318.1 K, 338.1 K 
and 348.1 K. 
In order to examine if the explicit consideration of the water vapor in the mass 
balance calculation of methane excess sorption has a significant effect, the excess 
sorption isotherms were calculated additionally without explicit consideration of the 
water vapor (i.e. assuming a molar fraction of 1 for CH4 in the gas phase). The fitting 
parameters for this case are listed in Table 3.5. A comparison of the calculated excess 
sorption isotherms for methane without and with consideration of the water vapor is 
shown in Figures 3.7a and 3.7b, respectively. It shows that the overall temperature 
effect on the calculated excess sorption is different. When the correction for water 
vapor is applied, the magnitude of the temperature effect on the excess sorption is 
smaller. From the temperature dependency of the Langmuir pressure (Eq. 3.13) the 
sorption enthalpies (ΔH) and sorption entropies (ΔS) were calculated and are listed in 
Table 3.6. The calculated sorption enthalpy for the measurement on the dry sample is 
19.1 kJ/mol and is comparable to reported data for coals (e.g. Zhang et al. 2012). For 
the moisture-equilibrated sample, the calculated sorption enthalpy is 24.0 and 17.8 
kJ/mol for the case without and with explicit consideration of the water, respectively. 
It shows that the latter approach is more consistent from the thermodynamic point of 
view because the presence of moisture is expected to reduce rather than increase the 
sorption enthalpy. This is due to the preferential sorption of water molecules on the 
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higher-energy sites (Busch and Gensterblum, 2011). When water vapor pressure is 
explicitly considered, the calculated sorption enthalpy is slightly smaller than for the 
dry sample. This is consistent from the thermodynamic point of view and shows that 
for sorption measurements on moist low-sorbing materials (such as shales) the effects 
of water vapor must be considered in the mass balance approach.              
Table 3.3 Fitting parameters of the excess sorption functions (Eq. 3.12) for 
the dry sample. 
T (°C) 
1/T (K-1) 
× 10-³ 
Fitting parameters 
(Eq. 3.12) 
Quality of fit 
No. of 
data points 
nL  
(mmol/g) 
pL  
(MPa) 
ρads  
(kg/m³) 
Δn 
× 10-4 
N 
318.1 3.144 0.219 2.38 545 5.86 18 
338.1 2.958 0.219 3.66 545 6.93 18 
348.1 2.873 0.219 4.43 545 7.79 18 
Table 3.4 Fitting parameters of the excess sorption functions (Eq. 3.12) for 
the moisture-equilibrated sample with consideration of the water vapor 
pressure. 
T (°C) 
1/T (K-1) 
× 10-³ 
Fitting parameters 
(Eq. 3.12) 
Quality of fit 
No. of 
data points 
nL  
(mmol/g) 
pL  
(MPa) 
ρads  
(kg/m³) 
Δn 
× 10-4 
N 
318.1 3.144 0.103 5.69 545 4.70 16 
338.1 2.958 0.103 7.90 545 4.49 16 
348.1 2.873 0.103 9.07 545 5.03 16 
Table 3.5 Fitting parameters of the excess sorption functions (Eq. 3.12) for 
the moisture-equilibrated sample without consideration of the water vapor 
pressure. 
T (°C) 
1/T (K-1) 
× 10-³ 
Fitting parameters 
(Eq. 12) 
Quality of fit 
No. of 
data points 
nL  
(mmol/g) 
pL  
(MPa) 
ρads  
(kg/m³) 
Δn 
× 10-4 
N 
318.1 3.144 0.105 6.06 545 4.93 16 
338.1 2.958 0.105 10.09 545 3.37 16 
348.1 2.873 0.105 13.35 545 3.76 16 
 
 62 
 
Figure 3.7 Resulting excess sorption isotherms for methane for the moisture-
equilibrated sample without (a) and with (b) consideration of the water vapor 
pressure. 
 
Table 3.6 Sorption enthalpy ΔH and sorption entropy ΔS obtained from the 
temperature dependency of the Langmuir pressure pL (Eq. 3.13) for the dry 
sample and for the two cases for moisture-equilibrated sample without and 
with correction for the water vapor. 
 dry moist moist (corr.) 
ΔH (kJ mol-1) -19.1 ± 0.2 -24.0 ± 1 -17.8 ± 0.2 
ΔS (J mol-1 K-1) -86.4 ± 0.5 -109.7 ± 3 -89.0 ± 0.5 
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3.4. CONCLUSIONS 
We present a simple and efficient experimental approach to determine the effect 
of temperature on high-pressure methane sorption in moist organic-rich shales. In this 
“multi-temperature” (“multi-T”) method the temperature of the measuring cell is 
varied systematically in each pressure step, thus allowing to measure multiple 
isotherms in a single measurement. The moisture content of the system remains 
constant because no de-gassing and evacuation of the sample between individual 
measurements is required and eventual moisture loss is avoided. The method was 
successfully tested on one carbonaceous shale sample in the dry and moisture-
equilibrated state, respectively. The mass balance approach used here takes explicitly 
into account the water vapor present in the sample cell and its temperature-
dependence during the sorption experiment. These considerations are necessary when 
studying temperature dependence of sorption in the presence of moisture on materials 
with low sorption capacity. The thermodynamic consistency of this approach was 
demonstrated. 
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4. HIGH-PRESSURE METHANE SORPTION ISOTHERMS OF BLACK 
SHALES FROM THE NETHERLANDS 
ABSTRACT 
High-pressure methane sorption isotherms were measured on one Paleozoic and 
five Mesozoic shales, considered as targets for shale gas exploration in the 
Netherlands. The samples varied in mineralogy, organic richness and thermal 
maturity. Four of the samples were clay-rich (total clay content 63 – 71 vol. %), one 
contained equal amounts of clays and quartz (36 vol. % and 33 vol. %, respectively) 
and one was a marl sample (clays 34 vol. %, carbonates 49 vol. %). The total organic 
carbon contents (TOC) ranged from < 1 wt. % to 10.5 wt. %, and the thermal 
maturity, as inferred from Rock-Eval analysis, from immature to over-mature.  
Excess (Gibbs) sorption isotherms for methane were measured at 338 K on dry 
samples up to 25 MPa. The maximum excess sorption capacities within this pressure 
range varied from 0.05 to 0.3 mmol/g (1.1 – 6.8 m³ STP/t). No correlation of excess 
sorption capacity with TOC was found. Low-TOC, clay-rich shales had comparable 
or even higher methane sorption capacities per unit rock mass (mmol/g) than organic-
rich shales and a positive correlation was found between the maximum Langmuir 
capacity (nL) and the clay content. This observation supports the notion that clay 
minerals can contribute significantly to the sorption capacity of shales. Furthermore, it 
is demonstrated that significant errors in TOC-normalized sorption capacities may 
result from the uncertainties in TOC contents, especially at low TOC values. 
A comparison between the immature and the over-mature sample (both organic-rich 
with equal clay contents) did not show any enhancement of the sorption capacity with 
thermal maturity. However, the excess sorption isotherm of the over-mature sample 
had a distinct maximum, while no maximum was observed for the immature sample 
in the experimental pressure range.  
A Langmuir-type absolute sorption function, with a term taking the volume of the 
adsorbed phase explicitly into account, gave a good representation of the measured 
excess sorption isotherms. The three-parameter fit yielded the Langmuir parameters 
(nL and pL) and a nominal density value for the adsorbed phase (ρads). Fitting 
procedures using different estimates of ρads are discussed.  
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4.1. INTRODUCTION 
The growing interest in shale gas as an important unconventional energy resource 
during the past decades has lead to increased exploration and production activities and 
has stimulated considerable research interest. Gas shales have been recognized as 
natural gas reservoirs with enormous gas potential in the US and Canada 
(Montgomery et al., 2005; Jarvie et al. 2007; Chalmers and Bustin, 2008b; Ross and 
Bustin, 2008). As of 2012, Europe is still lacking experience with shale gas 
production and the development is further complicated by public acceptance and 
environmental concerns. Nevertheless, considerable efforts are undertaken by 
exploration programs in industry and international research programs (such as GASH 
Project, http://www.gas-shales.org) to expand the inventory on European shale gas 
resources and to improve our understanding of these complex reservoirs and their 
economic potential in Europe. 
One of the challenging tasks in the assessment of the economic potential of a 
shale gas reservoir is the estimation of the amount of contained gas (Gas-In-Place, 
GIP). The gas stored in shale is comprised of 1) “free” compressed gas in pores and 
fractures and 2) sorbed gas associated with organic and mineral constituents of the 
rock. The principal control on the amount of free gas is the porosity. The sorbed gas 
capacity, which includes the gas adsorbed on solid surfaces and the gas dissolved in 
pore fluids (water or hydrocarbon fluids), is a complex function of chemical and pore-
structural character of the rock matrix, composition and properties of fluid phases and 
reservoir conditions. The contribution of the sorbed gas to the total GIP has been 
postulated to be as much as 50 – 60 % in some cases (Montgomery et al., 2005). 
However, the role of sorbed gas is still poorly constrained and only few experimental 
data exist on gas sorption of shales (Chalmers and Bustin, 2007; Chalmers and Bustin, 
2008a,b; Ross and Bustin, 2009; Weniger et al., 2010). The experience from coal-
bed-methane (CBM) is not directly applicable to gas shales (Ross and Bustin, 2009) 
and there is a need for reliable sorption isotherms at high-pressure and high-
temperature conditions. 
Organic matter (OM) present in these rocks is generally thought to be the 
principal contributor to the sorption capacity in shales. In industrial practice, total 
organic carbon content (TOC) is used as a proxy to determine intervals with high gas 
content. In the literature, several authors have found a positive correlation between the 
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methane sorption capacity and TOC content of organic-rich shales (Ross and Bustin, 
2008, 2009; Weniger et al., 2010). However, clay minerals have also been recognized 
to participate in the sorption process in clay-rich shales (Ross and Bustin, 2008, 2009; 
Schettler et al., 1991; Lu et al., 1995). Schettler et al. (1991) postulated that TOC 
controls the methane sorption capacity in high-TOC shales, whereas comparable 
sorption capacities can be found in low-TOC shales, which the authors attributed to 
the sorptive properties of clay minerals, in particular illite. Appreciable methane 
sorption capacities, comparable to those of organic-rich shales, were measured on 
pure illite (Schettler et al. 1991; Lu et al. 1995; Ross and Bustin, 2009) and 
montmorillonite (Ross and Bustin, 2009). However, Ross and Bustin (2009) argued 
that the contribution of clay minerals to the sorption capacity in shales is irrelevant in 
the presence of moisture due to the high affinity of water to the clay surfaces that 
block the access of gas molecules to the sorption sites. 
Other factors affecting methane sorption capacity of shales are (1) organic matter 
type and (2) thermal maturity, (3) water saturation and (4) temperature. Ross and 
Bustin (2008, 2009) suggested that the thermal maturation of the organic matter in 
shales positively affects their sorption capacity. The authors attributed this to the 
increase in the microporosity and/or decrease in the heterogeneity of pore surface in 
the process of the transformation of the organic matter. However, their finding has 
only a qualitative character and they could not find any distinct relationship between 
the maturity and the methane sorption capacity. 
They also investigated the influence of moisture on the methane sorption in shales by 
comparing the sorption capacities of moisture-equilibrated samples (moisture 
equilibration at 97 % relative humidity) to those of dry samples. They found a 40 % 
decrease in sorption capacity in the moisture-equilibrated samples.  
This paper summarizes the results from a study on methane sorption capacity for 
selected black shales from the Netherlands that are being considered as targets for 
shale gas exploration. Excess sorption isotherms at 338 K and up to 25 MPa were 
measured on five samples of Mesozoic age and one Paleozoic sample at dry 
conditions. The samples contain various amounts of type II organic matter and cover a 
representative range of mineralogical compositions.  The main goals of this study 
were (1) to assess the maximum sorption capacity of these shales for methane, (2) to 
study the role of organic and mineral constituents and (3) thermal maturity on 
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sorption capacity and (4) to validate the applicability of Langmuir isotherm in 
representing the experimental high-pressure sorption data.   
4.2. SAMPLES 
The studied samples originate from the Roer Valley Graben, the Central 
Netherlands Basin and the West Netherlands Basin in the Netherlands (Figure 4.1). 
All but one sample were collected from core material. Information on well name, 
depth and stratigraphic unit is given in Table 4.1. The Sleen 2 sample comes from the 
Winterswijk quarry in the east part of the Netherlands.  
Five samples were taken from Mesozoic shale formations - two from the Sleen 
(Sleen 1, 2) and the Aalburg (Aalburg 1, 2), and one from the Posidonia shale 
formation. The Paleozoic sample is from the Geverik member (Early-Mid Namurian 
age). For detailed information on the stratigraphy, geology and petroleum potential of 
these shales the reader is referred to the Wong et al. (2007). 
Table 4.1 The provenance of the studied samples and their 
lithostratigraphic origin (ATAL = Aalburg fm., ATRT = Sleen 
fm., ATPO = Posidonia shale fm., Geverik = Geverik member). 
Sample-ID Well/outcrop Depth Formation 
Aalburg 1 AST-01 1609 ATAL 
Aalburg 2 HAG-02 2609 ATAL 
Sleen 1 HAG-02 2658 ATRT 
Sleen 2 Winterswijk quarry - ATRT 
Geverik WSK-01 4238 DCGE 
Posidonia LOZ-01 2491 ATPO 
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Figure 4.1 Major sedimentary basins in the Netherlands and locations of the sample 
origin. (Map modified after de Jager, 2003). 
4.3. METHODS 
4.3.1. TOC and Rock-Eval analysis 
Total organic carbon (TOC) and Rock-Eval analysis using a Rock-Eval 6 (Vinci 
Technologies) instrument was carried out at EBN. The Rock-Eval pyrolysis is an 
established method for characterizing the type and thermal maturity of organic matter 
in sedimentary rocks as well as their petroleum generation potential (Espitalié et al., 
1977). A sample is subjected to programmed heating in an inert (He) atmosphere to 
determine the amount of volatile – gas and liquid, hydrocarbons (S1 peak) and the 
amount of non-volatile hydrocarbons and oxygen-containing organic compounds 
released during thermal cracking of the remaining organic matter in the rock 
(recorded as S2 and S3 peak, respectively). The temperature (Tmax), at which S2 is 
maximum, is a measure of thermal maturity of the source rock. Hydrogen index (HI = 
100 × S2/TOC) and oxygen index (OI = 100 × S3/TOC) are usually plotted in a HI vs. 
OI diagram, from which the type and the maturation stage of the organic matter can 
be inferred.  
Additional TOC analysis on powdered samples using a LECO RC-412 
Multiphase Carbon/Hydrogen/Moisture Determinator was carried out at the RWTH 
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Aachen University and compared with the reported TOC data from the RockEval 6 
analysis. The discrepancies between the measured and reported TOC contents and the 
implications for using sorption data based on TOC are discussed below. For the sake 
of consistency, all sorption data are normalized to the TOC values measured on the 
LECO instrument. 
4.3.2. X-Ray diffraction analysis (XRD) 
Bulk mineralogical compositions were derived from the X-ray diffraction patterns 
measured on randomly oriented powder preparates. Rock samples were crushed 
manually in a mortar and milled subsequently with a McCrone Micronising mill for 
15 minutes to assure uniform crystallite sizes. Milling was done in ethanol to avoid 
dissolution of water-soluble components and strain damage to the samples. An 
internal standard (corundum, 20 wt. %) was added to improve the accuracy of the 
analysis. Mineral quantification was performed on diffraction patterns from random 
powder preparates. Sample holders were prepared by means of a side filling method 
to minimize preferential orientation. The measurements were done on a Huber 
MC9300 diffractometer using CoKα-radiation produced at 45 kV and 35 mA. During 
the measurement, the sample is illuminated trough a fixed divergence slit (1.8 mm, 
1.45°), a graphite monochromater and 58 mm, 0.3 mm spacing soller slits. The 
diffracted beam is measured with a scintillation detector with counting time of 
20 seconds for each step of 0.02° 2θ. Diffractograms were recorded from 2° to 76° 2θ. 
Quantitative phase analysis was performed by Rietveld refinement. BGMN software 
was used, with customised clay mineral structure models (Ufer et al., 2008). All 
reported mineral compositions relate to the crystalline content of the analysed 
samples.     
4.3.3. High-pressure sorption experiments 
4.3.3.1. Sample preparation 
The sorption measurements were performed on dry powdered samples. The 
drying procedure consisted of drying overnight at 378 K under vacuum and additional 
drying was performed in-situ in the measuring cell of the sorption set-up at 378 K and 
vacuum for > 4 h. This additional drying is necessary as samples take up air moisture 
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during their placement into the measuring cell, which can influence their sorption 
capacities.  
4.3.3.2. Experimental set-up 
Sorption measurements were performed on a manometric set-up at 338 K and 
pressures of up to 25 MPa. The set-up (Figure 4.2) consists of a stainless steel sample 
cell (SC), two high-pressure shut-off valves (v1 and v2) and a high-precision Tecsis 
pressure transducer with an accuracy of 0.05 % of the end value (25 MPa). The 
components are connected by an 1/16” stainless steel tubing. The dead volume of the 
pressure transducer and the volume of the tubing between valves v1 and v2 are used 
as reference volume (“reference cell”, RC). A three-port valve (v3) switches between 
gas supply and a vacuum pump. Valves are operated by computer-controlled 
actuators. The cells, pressure transducer and the valves are placed in an air-bath and 
temperature is kept constant within 0.1 K. Temperature readings are taken from a 
high-precision Pt-100 resistance temperature detector (RTD). The volumes of the 
reference and the measuring cell (1.748 ± 0.002 cm³ and 11.35 ± 0.01 cm³, 
respectively) were determined by helium expansion using steel cylinders of known 
dimensions placed in the measuring cell as a reference.  
The measuring procedure was described by Krooss et al. (2002). Sufficient times 
were allowed for gas to reach equilibrium in the reference and in the measuring cell. 
For all samples, the gas uptake was rapid and no noticeable change in the pressure 
readings was observed after 15 minutes. The uncertainty of measured excess sorption 
increases with pressure and is estimated to be 0.02 mmol/g at the high-end pressure of 
25 MPa (the blank expansion tests with CH4 described in Chapter 2 were not 
performed for this setup, and could also not be performed posteriorly as it had been 
modified into the HPHT setup).   
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Figure 4.2 Schematic flow scheme of the manometric high-pressure sorption set-up. 
4.3.3.3. Calculation of excess sorption 
The sorption isotherms obtained experimentally by any conventional technique of 
sorption measurement are the so-called “excess” sorption isotherms. An overview of 
the concept of excess sorption, also denoted Gibbs surface excess, is given by Sircar 
(1999). The excess amount (expressed as excess mass, 𝑚𝑒𝑥𝑐𝑒𝑠𝑠) is calculated from the 
following mass balance: 
𝑚𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑚𝑡𝑟𝑎𝑛𝑠 − 𝜌𝑔(𝑝, 𝑇)𝑉𝑣𝑜𝑖𝑑
𝐻𝑒    (4.1) 
where 𝑚𝑡𝑟𝑎𝑛𝑠 denotes the total mass of methane transferred into the sample cell (SC) 
and 𝑉𝑣𝑜𝑖𝑑
𝐻𝑒  is the void volume determined by helium expansion at 338 K. It should be 
noted that we use helium as a reference gas under the assumption that the adsorption 
of He is negligible. He expansion tests at pressures up to 15 MPa did not show any 
change in 𝑉𝑣𝑜𝑖𝑑
𝐻𝑒  with pressure. The density of methane 𝜌𝑔(𝑝, 𝑇) as a function of 
pressure and temperature was calculated using the equation of state by Setzman and 
Wagner (1991). 
4.3.3.4. Parameterization of the experimental results  
The measured excess sorption data were parameterized using an adapted 
Langmuir function as described in Gensterblum et al. (2009):  
𝑚𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑚𝐿
𝑝
𝑝+𝑝𝐿
(1 −
𝜌𝑔(𝑝,𝑇)
𝜌𝑎𝑑𝑠
) = 𝑚𝑎𝑏𝑠 (1 −
𝜌𝑔(𝑝,𝑇)
𝜌𝑎𝑑𝑠
)    
 (4.2) 
or expressed in molar amount: 
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𝑛𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑛𝐿
𝑝
𝑝+𝑝𝐿
(1 −
𝜌𝑔(𝑝,𝑇)
𝜌𝑎𝑑𝑠
) = 𝑛𝑎𝑏𝑠 (1 −
𝜌𝑔(𝑝,𝑇)
𝜌𝑎𝑑𝑠
)  [
𝑚𝑚𝑜𝑙
𝑔
]  (4.3) 
where 𝑛𝑒𝑥𝑐𝑒𝑠𝑠 (mmol/g) denotes the excess sorbed amount of substance at pressure p 
(MPa). 𝑝𝐿 (MPa) is the Langmuir pressure, corresponding to the pressure at which 
half of the (“monolayer”) sorption sites are occupied, and 𝑛𝐿 (mmol/g) is the 
maximum Langmuir capacity (corresponding to the “Langmuir volume”), denoting 
the amount adsorbed at full occupancy of the “Langmuir monolayer”. The second 
term on the RHS of the equations 2 and 3 expresses the relationship between the 
absolute and the excess sorption as a function of a ratio of the bulk and adsorbed 
phase density (𝜌𝑎𝑑𝑠) (Yee et al., 1993; Richard et al., 2009; Busch and Gensterblum, 
2011). The parameters nL, pL and ads are fitted to the experimental excess sorption 
data using a least squares minimization procedure. 
4.4. RESULTS 
4.4.1. TOC and Rock-Eval 
The results from the TOC and Rock-Eval analysis are listed in Table 4.2. Based 
on the measured TOC values, two samples (Aalburg 1, Sleen 1) can be regarded as 
organic-lean shales, having TOC values of less than 1.2%. The rest of the samples are 
organic- rich shales with TOC in the range of 5% to 10%. The results of Rock-Eval 
analysis were plotted in a pseudo van Krevelen HI vs. OI, and a HI vs. Tmax diagram 
(Figure 4.3). The data indicate that the samples Aalburg 1 and Sleen 1 are in the oil 
window, while samples Aalburg 2, Sleen 2 and Posidonia are immature based on the 
Tmax values. However, considering that the Aalburg 2 and the Sleen 1 samples come 
from the same well within a depth interval of 50 m, no significant difference in their 
thermal maturities is to be expected. Furthermore, the samples Sleen 1 and Aalburg 1 
plot on maturation pathway for type III kerogen, whereas in the literature, these shales 
have been described to contain type II kerogen (Wong et al., 2007). The interpretation 
of the Rock-Eval data is complicated by the very low TOC contents of the Aalburg 1 
and the Sleen 1 sample and a highly active mineral matrix (as suggested by the high 
clay mineral content for the Aalburg and Sleen samples, Table 4.3) (Espitalié et al., 
1980; Katz, 1983; Peters, 1986). 
The results for the Geverik sample show that the rock has reached a post-mature 
stage. This is also supported by the very low hydrocarbon yields (S1 and S2 peaks) 
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despite its high TOC content (6.1 %). In the literature, the Geverik Member shale has 
been described as type II marine rock (Van Balen et al., 2000).  
The Posidonia sample is the least mature within this sample suite, evidenced by 
its low Tmax and high HI values. It has been characterized as organic-rich type II 
source rock with HI of up to 800 (Wong et al., 2007). 
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Table 4.2 Summary of TOC, RockEval and XRD analysis. 
  TOC RockEval analysis   XRD analysis 
Sample 
measured* 
(wt %) 
reported 
(wt %) 
 
S1 
(mg/g) 
S2 
(mg/g) 
S3 
(mg/g) 
Tmax  
(°C) 
Hydrogen 
index  
(mg HC/g 
TOC) 
Oxygen  
index 
(mgCO2/gTOC) 
Production 
index  
Quartz + 
Feldspars 
[wt %] 
Phyllosilicates 
[wt %] 
Carbonates 
[wt %] 
Aalburg 1 1.02 1.15  0.31 1.33 0.65 437 116 57 0.19 
 
23 71 1 
Aalburg 2 5.04 4.38  2.04 21.61 0.92 428 493 21 0.09 
 
14 60 15 
Sleen 1 0.82 0.45  0.04 0.17 0.7 443 38 156 0.19 
 
19 63 12 
Sleen 2 4.83 2.72  0.07 7.75 0.49 425 285 18 0.01 
 
17 67 6 
Geverik  6.10 7.47  0.18 0.11 0.58 n.d. 1 8 0.62 
 
47 33 3 
Posidonia 10.49 7.91  4.4 54.1 1.52 426 684 19 0.08 
 
9 34 49 
*measured with LECO RC-412 Analyzer
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Figure 4.3 HI vs. OI (left) and HI vs. Tmax (right) plots showing maturation 
pathways (gray curves) and data obtained by the RockEval analysis (full black 
circles). The size of the circles is proportional to TOC (in wt. %). 
4.4.2. Bulk mineralogy 
The mineralogical composition of the studied samples in listed in Table 4.3. The 
samples from the Sleen and Aalburg formations have mineralogical compositions 
very typical of shales. Clay contents range between 60 and 71 wt. %. The Geverik 
sample is more silty, having a quartz content of 36 wt. %. The Posidonia sample is a 
marl, in which the total carbonate content amounts to 48 wt. %. 
In all samples, the clay mineralogy is dominated by a long-range ordered illite-
smectite mixed layer phase (R3), identified from broad asymmetric 10 Å reflections 
in the XRD patterns. This type of mixed layer clay is very typical for diagenetically 
mature shales. In the diffraction patterns of samples Aalburg 1 and Sleen 1 sharp 14 Å 
reflections of chlorite were identified. The pattern of the Sleen 2 sample displays a 
very broad diffraction peak from about 16 to 12 Å. This wide d-spacing range is 
typical for smectites formed in soils or meteoric weathering environments. The same 
sample contains an R3 ordered mixed layer illite-smectite clay. Both, the mixed layer 
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and the soil smectite cannot have coexisted in the sample at burial depths greater than 
about 3 km. Therefore, the latter is considered to be an alteration product of the 
former, due to weathering at surface. Sample Sleen 2 is the only one among the 
studied samples that was taken from an outcrop. 
The effect of drying and exposure to atmosphere on the pore structure of the 
studied core samples is considered to be negligible, since none of them contains 
significant amounts of swelling clays. In all samples, traces of gypsum were detected. 
These are likely an alteration product of pyrite, due to exposure to the atmosphere and 
light. This alteration is not considered to affect the sorption characteristics. 
Table 4.3 Bulk mineralogy data from XRD analysis. 
  Sample 
Phase Aalburg 1 Aalburg 2 Sleen 1 Sleen 2 Geverik Posidonia 
Quartz 17.14 12.51 15.35 13.20 36.26 7.99 
Orthoclase 0.63 0.00 1.44 2.50 0.74 0.61 
Albite 4.98 1.89 2.43 2.00 9.64 0.52 
Illite-smectite 60.15 52.22 53.79 65.10 33.42 27.89 
Kaolinite 4.74 4.97 9.63 2.11 0.00 6.34 
Chorite 6.52 2.31 0.00 0.00 0.00 0.00 
Micas 2.31 1.69 2.79 2.91 3.62 1.59 
Calcite 0.57 14.14 0.00 0.16 2.88 46.07 
Dolomite 0.34 1.35 0.00 5.74 0.00 2.55 
Ankerite 0.00 0.00 9.70 0.00 0.00 0.00 
Siderite 0.00 0.00 2.75 0.00 0.00 0.00 
Gypsum 0.00 1.24 0.00 1.52 1.38 2.73 
Anhydrite 0.93 1.58 1.76 0.00 0.42 0.00 
Pyrite 0.49 5.52 0.13 4.16 11.07 3.30 
Anatase 0.60 0.00 0.00 0.47 0.00 0.00 
Apatite 0.60 0.60 0.24 0.13 0.57 0.41 
 
4.4.3. Methane excess sorption isotherms 
The measured excess sorption isotherms at 338 K for all 6 samples are shown in 
Figure 4.4. The sorption capacities as well as the shapes of isotherms vary among the 
samples. Except for one sample, all excess isotherms have a maximum. This 
maximum occurs at pressures between 14 – 16 MPa for the clay-rich Aalburg and 
Sleen samples and at a pressure of about 6 MPa for the Geverik sample. The excess 
isotherm for the Posidonia sample has no maximum in the experimental pressure 
range. The maxima in excess sorption and the corresponding pressures for each 
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sample are summarized in Table 4.4. The sorption capacities within the 0 – 25 MPa 
pressure range show a rather continuous variation from 0.05 mmol/g (Geverik) to 
0.14 mmol/g (Sleen 1), while the sorption capacity of 0.3 mmol/g of the outcrop 
sample (Sleen 2) is considerably higher and distinct from the others. 
 
Figure 4.4 Excess sorption isotherms for methane (mmol/g vs. MPa) measured on dry 
samples at 338 K. 
4.4.3.1. Reproducibility of excess sorption measurements 
The reproducibility of excess sorption isotherm measurements was tested on two 
samples by duplicate runs. The results are shown in Figure 4.5 (Sleen 1) and 
Figure 4.6 (Posidonia) and demonstrate a very good reproducibility. The slight offset 
of the first isotherm for the Posidonia sample is likely due to removal of small 
amounts of residual moisture after the exposure to high-pressure gas and subsequent 
evacuation.  
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Figure 4.5 Reproducibility of the excess isotherms (338 K) for the Sleen 1 sample. 
 
Figure 4.6 Reproducibility of the excess isotherms (338 K) for the Posidonia sample. 
4.4.3.2. Parameterization of excess sorption data 
The measured excess sorption data were parameterized using a 3-parameter 
Langmuir formula (Eq. 4.3). The maximum Langmuir sorption capacities (nL, in 
mmol/g), the Langmuir pressures (pL, in MPa) and the adsorbed phase densities (ρads, 
in kg/m³) are summarized in Table 4.4. In addition to the best-fit to the measured 
data, an alternative fitting procedure was used by assuming a fixed value of 423 kg/m³ 
for the adsorbed phase density. This value corresponds to the liquid phase density at a 
normal boiling point (Poling et al., 2001). Figure 4.7 shows excess sorption isotherms 
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and the Langmuir fits for both fitting scenarios. Although the 3-parameter fit provides 
a more accurate representation of the experimental data, reasonable fits for most 
samples were also obtained with ρads fixed. For the Geverik sample, which has the 
lowest sorption capacity and a very prominent maximum in excess isotherm, the 
second fitting scenario gave unsatisfactory results. 
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Table 4.4 Maxima in excess sorption isotherms and Langmuir fitting parameters obtained by best-fit and by assuming liquid density of 
423 kg/m³ for the adsorbed phase. 
 
TOC 
(meas.) 
Maximum in excess 
sorption and corresp. 
pressure 
  
Langmuir parameters by best fit   Langmuir parameters with ρads fixed 
Sample [wt. %] [mmol/g] p [MPa] 
  
nL 
[mmol/g] 
pL 
[MPa] 
ρads 
[kg/m³] 
Δn 
No. of 
data 
points 
 
nL 
[mmol/g] 
pL 
[MPa] 
ρads 
[kg/m³] 
Δn 
Aalburg 1  1.02 0.11 ~16   0.31 15.6 327 4.8E-5 61  0.24 10.5 423 2.2E-4 
Aalburg 2 5.04 0.08 ~16   0.22 13.2 295 9.1E-5 44  0.13 5.8 423 5.2E-4 
Sleen 1 0.82 0.14 ~15   0.33 10.3 312 8.5E-5 32  0.24 6.3 423 5.9E-4 
Sleen 2 4.83 0.31 ~15   0.72 9.6 332 2.7E-4 27  0.56 6.5 423 1.3E-3 
Geverik 6.10 0.05 ~7   0.10 3.0 195 2.1E-4 49  0.06 0.6 423 1.1E-3 
Posidonia 10.49 0.11 *   0.20 10.1 (608) 9.4E-5 31  0.26 14.5 423 2.2E-4 
* no maximum observed in the pressure range 0 – 25 MPa 
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Figure 4.7 Excess sorption isotherms and Langmuir fits obtained by the best-fit and 
by assuming liquid density (423 kg/m³) for the adsorbed phase. 
4.5. DISCUSSION  
4.5.1. Effect of organic and inorganic constituents on the methane 
sorption capacity  
The methane sorption capacities were compared to the total organic content 
(TOC) of the studied shales. It was found that the methane sorption capacities 
(normalized to sample weight) of the high-TOC samples (Geverik and Posidonia) 
were lower than those of the low-TOC samples. Figure 4.8 shows a plot of the 
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maximum Langmuir capacity versus TOC (in wt. %). Clearly, no correlation exists 
between the TOC content and the sorption capacity for these samples. This suggests 
that the sorption capacity of these shales is not controlled by TOC content alone. Clay 
minerals can provide additional surface area for the adsorption of the gas molecules 
and, depending on their texture, will contribute to some degree to the overall sorption 
capacity. This notion is supported by our observation that the sorption capacity for 
methane increases with the total clay content (Figure 4.9). In addition, the prominent 
sorption capacity of the outcrop sample (Sleen 2) can be explained by the presence of 
smectite as a weathering product of mixed layer illite-smectite (I-S). Such an 
alteration of I-S to smectite at near surface conditions have been reported to result in 
an increase in the specific surface area (Šucha et al., 2001). An important practical 
implication for the shale gas exploration is that laboratory analysis performed on 
samples collected at outcrops or coming from shallow exploration wells may give 
misleading results and should be used with caution. 
It is interesting to note that the measured sorption capacities of dry samples show 
a very good correlation with the hygroscopic moisture content determined initially on 
the “as received” samples (Figure 4.10). The moisture content was obtained from the 
weight difference before and after drying. This implies that methane and water 
molecules share the same sorption sites and in the presence of both, competitive 
adsorption will take place (Busch and Gensterblum, 2011).  
 
 
Figure 4.8 Relationship between maximum Langmuir capacity (nL, mmol/g) obtained 
by both fitting scenarios and the TOC content (wt. %). 
  
83 High-pressure methane sorption isotherms of black shales from the Netherlands 
 
 
Figure 4.9 Relationship between maximum Langmuir capacity (nL, mmol/g), TOC 
content (wt. %) and clay content (vol. %). 
 
Figure 4.10 Relationship between maximum Langmuir capacity (nL, mmol/g) and the 
hygroscopic moisture content (in wt. %) of the as-received samples. 
4.5.2. Effect of thermal maturity on the methane sorption capacity  
Thermal maturity has been described to affect the sorption capacity of shales due 
to textural changes in organic matter. An increase in sorption capacity with maturity 
observed by Ross and Bustin (2008, 2009) was attributed to the creation of organic 
matter-hosted microporosity. We compared the sorption capacities of the immature 
Posidonia and the over-mature Geverik sample (both high in TOC and with equal 
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total clay contents) and found no enhancement of sorption capacity per gram rock or 
gram TOC for the over-mature sample. However, an evident change was observed in 
the shape of the excess isotherms. The Geverik sample had a pronounced maximum in 
the excess isotherm at around 6 MPa, whereas the Posidonia sample had no maximum 
in the measured pressure range. The Aalburg and the Sleen samples, for which the 
maturity implied from the RockEval data is higher than for the Posidonia sample, all 
have maxima in excess sorption between 14 and 16 MPa.  
The occurrence of maxima in excess isotherm has been reported in literature for 
different gases at supercritical conditions (Menon, 1968, Ustinov et al., 2002; Richard 
et al., 2009). Whether a maximum in excess isotherm for a particular gas occurs 
depends on (1) the proximity of the measuring temperature to the critical temperature 
of the gas, (2) the pressure range at which sorption is measured, (3) the definition of 
the void volume and (4) the pore size and pore size distribution of the porous material 
(Do and Do, 2003; Rother et al., 2012). 
Thus, the different shapes of the isotherms in this study result from the different 
pore characters of the shales. Rother et al. (2012) showed that the maximum in excess 
sorption for CO2 on silica occurred at lower pressures for smaller pores. Hence, it is 
conceivable, by comparing the isotherms of the Geverik and the Posidonia samples, 
that the over-mature Geverik sample contains a larger proportion of micropores in the 
organic matter. However, in case of the clay-rich samples, and in particular for the 
low-TOC Aalburg 1 and Sleen 1 samples, the shape of the isotherms is most likely 
resulting from the pore character of the clay minerals. These observations show that 
the overall sorptive potential and the shape of excess sorption isotherm of shales is a 
rather complex function of organic and inorganic composition and maturity (and 
hence, the pore-structural character) of shales. Further investigations involving a 
multivariate statistical approach on a larger dataset are necessary to elucidate the role 
of each of these variables in the gas sorption process in shales.  
4.5.3. Uncertainties due to normalization of sorption data to TOC 
For the applications in reservoir simulation programs, sorption data are 
commonly reported along with TOC contents, or normalized to TOC. Here, we 
demonstrate that this approach can result in significant errors when making 
estimations of the gas contents due to the uncertainties in measured TOC values. The 
comparison of the measured and the reported TOC data (Table 4.2) shows 
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discrepancies of up to 40 %. These are attributed to differences in analytical 
procedures, sample preparation (e. g. acid treatment) or sample homogenization 
issues. The effect of these discrepancies on the calculated TOC-normalized sorption 
data is demonstrated in Figure 4.11. The horizontal error bars show the differences 
between the measured and the reported TOC values for individual samples. The 
vertical error bars show the difference between the TOC-normalized maximum 
Langmuir capacities (nL) based on the two TOC data sets. It is evident that 
uncertainties in TOC can lead to significant errors in calculated sorbed gas contents 
for low-TOC samples, no matter how accurate the sorption data are.  
 
Figure 4.11 Uncertainties resulting from normalization of the sorption data to TOC 
content. Horizontal error bars correspond to the difference between the measured and 
reported TOC contents. Vertical error bars indicate the difference between TOC-
normalized maximum Langmuir capacities (nL, mmol/g TOC) based on the two TOC 
datasets. 
4.5.4. Representation of the excess sorption data and the density of 
adsorbed phase 
The observation of maxima in methane excess isotherms of shales at high 
pressures has important implications for the choice of parameterization of the 
experimental data. All commonly used empirical models based on either 
“monomolecular layer” (e.g. Langmuir) or “pore-filling” (e.g. Dubinin-
Radushkevich) mechanisms rely on the transformation from excess sorption to 
absolute sorption for describing high-pressure sorption data at supercritical 
conditions. Such transformations require assumptions about either the density or the 
volume of the adsorbed phase (Murata et al., 2001). In this study we used an adapted 
3-parameter Langmuir fitting function, which takes explicitly into account the density 
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of adsorbed phase (ads). Representative fits were obtained that reproduce also the 
maxima in the excess sorption isotherms (Figure 4.7). As a first-order estimation, 
fitting parameters nL, pL and ads were allowed to vary to obtain the best-fit to the 
measured data. Thus obtained adsorbed phase densities were in the range of 300 – 
330 kg/m³ for the clay-rich samples, and roughly 200 kg/m³ and 600 kg/m³ for the 
Geverik and the Posidonia sample, respectively. In order to ascribe a physical 
meaning to ads, various estimates of the adsorbed density were proposed in the 
literature, e.g. liquid phase density (423 kg/m³), “van der Waals density” (373 kg/m³) 
or critical density (see Murata et al. 2001 and the references therein). We tested the 
fitting performance by assuming a fixed value for ads representing the liquid phase 
density and obtained reasonable fits except for the Geverik sample (Figure 4.7). The 
high value of 600 kg/m³ by best-fit for the Posidonia sample is a fitting artefact due to 
the fact that its excess isotherm has no maximum in the studied pressure range. 
Hence, an estimation of the adsorbed phase density from the declining part of the 
isotherm (as explained by Menon, 1968) is not possible. It should be also noted, 
however, that using ads= 423 kg/m³ provided an equally good fit as using the best-fit 
approach. On the other hand, the low value of the best-fit ads and the unsatisfactory 
fit with ads= 423 kg/m³ for the Geverik sample indicate that ads obtained for this 
sample should be used at best as a fitting parameter. Moreover, accurate estimate of 
adswould have to consider the effect of helium adsorption and differences in position 
of the Gibbs interphase for helium and methane to define the “accessible” void 
volume for methane (Do and Do, 2003; Gumma and Talu, 2003; Herrera et al., 2011).  
4.6. CONCLUSIONS 
High-pressure sorption isotherms for methane were measured on six 
representative shales considered as targets for shale gas exploration in the 
Netherlands. The various TOC contents and mineralogical compositions, as well as a 
range of thermal maturities, enabled us to investigate the effect of these parameters on 
the sorption capacity. The conclusions from this study can be summarized as follows: 
 The maximum excess sorption capacities within the pressure range of 0 – 25 
MPa, measured at 338 K on dry samples range from 0.05 to 0.3 mmol/g (1.1 – 
6.8 m³ STP/t).  
 No correlation of the sorption capacity with TOC content was found. 
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 Clay minerals can contribute significantly to the overall sorption capacity of 
shales. Moreover, weathering of clay minerals at surface conditions may 
render samples collected from outcrops or shallow wells unrepresentative for 
shale gas exploration.   
 Maxima in the excess isotherms were observed on all but the least-mature 
sample. The shape of the excess isotherm is controlled by the thermal maturity 
and clay mineralogy. 
 A 3-parameter Langmuir-type function that takes into account the density of 
the sorbed phase was found to represent adequately the measured excess 
sorption data. 
 We have demonstrated that significant uncertainties in TOC-normalized 
excess sorption data may result from uncertainties in measured TOC contents, 
especially for low-TOC shales. 
The data and observations made in this study contribute to the still insufficient 
amount of published data on gas sorption in shales. The quality of sorption data has to 
be assessed through inter-laboratory round robin studies. For applications in shale gas 
exploration, the experimental conditions for sorption measurements have to be 
extended to pressures and temperatures representative of reservoir conditions. 
Moreover, the investigation of the role of moisture in gas storage capacity of shales is 
of great importance. 
 88 
5. GEOLOGICAL CONTROLS ON THE METHANE STORAGE CAPACITY 
IN BLACK SHALES 
ABSTRACT 
High-pressure methane sorption isotherms were measured on selected Paleozoic 
and Mesozoic organic-rich shales, considered as shale gas targets in Europe. The 
samples include the Upper Cambrian – Lower Ordovician Alum shale, Carboniferous 
(Mississippian - Pennsylvanian) shales and Lower Toarcian Posidonia Shale. In 
addition, samples from producing shale gas formations in the USA (Barnett, 
Haynesville and Eagle Ford) were studied as a reference. Excess sorption 
measurements were performed over an extended range of pressures (up to 25 MPa) 
and temperatures (up to 423 K) on dry samples and at 311 K on moisture-equilibrated 
samples to study the effect of organic matter content (TOC), maturity, mineralogy and 
moisture content on the methane sorption capacity. Additionally, water isotherms 
were measured at 297 K and at relative humidities (RH) from 8 to 97%. A 3-
parameter (nL, pL, ρads) excess sorption function based on Langmuir equation for 
absolute sorption was used to fit the measured methane sorption isotherms. The water 
sorption isotherms were parameterized by the Guggenheim-Anderson-de Boer (GAB) 
function. In both cases, excellent fit to the measured data was achieved.  
The methane sorption capacities of the dry shales show a positive correlation with 
TOC but significant deviations from this trend exist for individual samples. The TOC-
normalized sorption capacities correlate positively with maturity in terms of Vitrinite 
Reflectance (VRr) up to a certain value of VRr (~ 2.5 %) above which an opposite 
trend is observed. No correlation was observed between the clay content and the 
TOC-normalized sorption capacity to methane, indicating that clay minerals do not 
significantly contribute to methane sorption in these organic-rich shales. The shape of 
the excess isotherms changes systematically with temperature and maturity. The 
Langmuir pressure (pL) increases exponentially with temperature and follows a 
negative power-law trend with maturity.  Compared to dry samples, the sorption 
capacity in moisture-equilibrated samples (97 % RH) is reduced by 40 to 60 %. No 
difference is observed between 97 % and 75 % RH indicating that the critical 
moisture content is at or below 75 % RH. The monolayer sorption capacities for water 
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obtained from the GAB fit are 0.5 to 3 times those for methane, implied from the 
Langmuir fit. There is a weak positive correlation between the methane and water 
sorption capacity suggesting that methane and water molecules share some of the 
sorption sites and these reside partly within the organic matter.  
5.1. INTRODUCTION 
In 2009, a joint research project between petroleum industry and several 
European universities was launched to study the occurrence and shale gas potential of 
black shales in Europe (GASH project; Littke et al., 2011). In a multi-disciplinary 
approach the project combines state-of-the-art research methods on laboratory and 
regional scale to characterize shales from selected “natural laboratories”. These 
include the Mesozoic Posidonia and Wealden shales and Carboniferous shales from 
Germany and Paleozoic Alum (Cambrian) shale from Denmark. Part of the research 
work done within this project with special focus on sorptive properties of shales is 
presented here.      
Gas production from a particular shale play will depend on the amount of gas 
present (Gas-In-Place, GIP), its sorption capacity and transport properties. However, 
the mechanisms of gas storage and transport in shales systems are still poorly 
understood. Unlike conventional reservoirs in which gas is stored primarily as 
compressed (“free”) gas in pores and fractures, a significant proportion of gas in 
shales can be stored as “sorbed” gas. Nano-scale pores present in shales (Nelson, 
2009) result in large internal surface area available for molecular interactions between 
gas and solids. Sorption results in a high density phase and thus increases the storage 
capacity of shale as compared to a sandstone with equivalent pore volume. Recent 
studies utilizing advanced high-resolution scanning (SEM, FE-SEM, BIB-SEM) and 
transmission (TEM) electron microscopy techniques have revealed the complexity of 
nano-scale pore systems associated with organic and inorganic constituents of shales 
(e.g. Loucks et al., 2009; Slatt and O’Brien, 2011; Chalmers et al., 2012; Klaver et 
al., 2012; Milliken et al., 2013). These studies also confirmed the presence of porosity 
in organic matter (OM), which results from the thermal maturation of kerogen (Jarvie 
et al., 2007). However, there seems to be no general correlation between thermal 
maturity and the abundance of pores in OM (Milliken et al., 2013).  
 90 
These techniques fail to provide information about pores smaller in size than the 
resolution limit (~ 5-20 nm). In IUPAC classification, the pores are subdivided into 
“micropores” (< 2 nm), “mesopores” (2 – 50 nm) and “macropores” (> 50 nm) based 
on the mechanism of physisorption of vapors (IUPAC, 1994). Dubinin (1975) 
suggested that the pore-filling, rather than surface mechanism, is responsible for gas 
sorption in micropores and the volume of micropores is the main control upon gas 
sorption capacity. Chalmers and Bustin (2007, 2008) and Ross and Bustin (2008, 
2009) found a positive correlation between OM content, micropore volume and 
methane sorption capacity in organic-rich shales concluding that microporosity 
associated with organic matter is the main control of methane storage in shales. A 
positive linear correlation of methane sorption capacity in shales with TOC was 
reported by Zhang et al. (2012), Weniger et al. (2010) and Lu et al. (1995). With 
increasing maturation, the methane sorption capacities on TOC basis were shown to 
increase as a result of increase in microporosity from the breakdown of OM (Ross and 
Bustin, 2009). However, their sorption data were measured only up to 6 MPa. In 
contrast, Zhang et al. (2012) who collected data over a wider pressure range (up to 15 
MPa) indicated that this increase in sorption capacity with maturity is only significant 
at low pressures. They showed that maturity affects the shape of the isotherm and that 
Langmuir pressure correlates negatively with maturity. 
Different sorption capacities were reported for individual kerogen types. The 
sorption capacity on TOC basis was shown to increase in order: type I < type II < type 
III kerogen (Zhang et al. 2012; Chalmers and Bustin, 2008) and this was attributed to 
higher sorption capacity of vitrinite compared to other maceral types. While most 
authors attribute the variation of sorption capacities with OM attributes (TOC, type 
and maturation) as being controlled by the pore size, other explanations are provided 
based on changes of the surface chemistry, in particular aromaticity (Zhang et al. 
2012) which was shown to increase with maturity (e.g. Bernard et al.,  2012).   
In addition to OM, clay minerals can provide additional sorption capacity in clay-
rich shales due to their high internal surface area (or micropore volume). Studies by 
Lu et al. (1995), Ross and Bustin (2009) and recently Gasparik et al. (2012) and Ji et 
al. (2012) have shown appreciable methane sorption capacities in clays and clay-rich 
rocks. Ji et al. (2012)  have found that the sorption capacities of individual clay 
minerals decrease in order: smectite >> mixed layer I/S > kaolinite > chlorite > illite 
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(these results differ somehow from those presented by Ross and Bustin on pure clay 
standards, suggesting that the texture of clay minerals and sample preparation 
techniques should be considered). Lu et al. (1995) even proposed a “bi-Langmuir” 
sorption model to describe sorption in clay-rich shales based on a bimodal distribution 
of characteristic sorption energies corresponding to OM and clay mineral fraction. 
They also suggested that the sorption energies for methane on kerogen may be larger 
than those on clay minerals. This was confirmed recently by Zhang et al. (2012) and 
Ji et al. (2012) who found sorption energies (isosteric heats) of kerogen concentrates 
roughly double those of individual pure clay minerals.   
Moisture is known to have a strong reducing effect on sorption capacity in coals 
and shales (Joubert et al., 1973, 1974; Krooss et al., 2002; Hildenbrand et al., 2006; 
Crosdale et al. 2008; Day et al., 2008; Chalmers and Bustin, 2008; Ross and Bustin, 
2009). Studies of sorption capacities at different moistures contents in coals have 
shown linear decrease in sorption capacity up to certain “critical moisture” content 
above which there was no change in sorption capacity with further increase in 
moisture (Joubert et al., 1973, 1974; Levy et al., 1997; Day et al., 2008). The 
mechanisms of sorption capacity reduction with moisture are not fully understood, 
though. The interaction of water with carbonaceous rocks can be by means of both, 
physisorption onto polar surfaces and chemisorption onto mineral surfaces. In 
addition, water tends to form clusters via hydrogen bonds and possesses a solid-like 
structure (see Busch and Gensterblum, 2011 and the references therein). The moisture 
content in shales is thought to be primarily associated with polar clay mineral surfaces 
but a relationship to OM microporosity was suggested as well (Chalmers and Bustin, 
2007).  
Clearly, the gas storage in organic-rich shales is a complex multi-parameter 
system and any attempt to elucidate and quantify the effect of individual parameters 
requires reliable experimental data at well-defined experimental conditions. The 
amount of published sorption data on shales is very scarce and limited mostly to US 
and Canadian shales. Moreover, given the relatively low sorption capacity of shales 
(typically 10 – 20 % that of coal), the experimental techniques employed in obtaining 
sorption data have to be optimized and at the same time the measurement conditions 
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have to be extended to pressure and temperature ranges similar to in-situ conditions 
for shales.  
Within the framework of the GASH project our aims were to improve the 
experimental methods for sorption measurements on shales at high pressures and 
temperatures and establish a set of new sorption data for European black shales. 
While the methodological aspects will be covered elsewhere, in the present work we 
report first methane sorption for selected European black shales that include the 
Cambrian Alum Shale, Lower Jurassic (Toarcian) Posidonia Shale and some 
Carboniferous shales. In addition, a few US shales (Barnett, Eagle Ford and 
Haynesville) were analyzed as a reference for producing gas shales. Using a 
manometric setup optimized for measurements at high pressures and temperatures 
methane sorption isotherms were measured up to 25 MPa and 423 K on dried crushed 
shale samples. A limited number of measurements were also performed at moisture-
equilibrated state. In addition, water isotherms were determined at 297 K by moisture-
equilibration at varying relative humidity conditions. The following aspects were 
investigated: 
1) variation of sorption capacity for methane on a larger number of samples 
(338 K, dry samples) as a function of OM richness, mineralogy and thermal 
maturity; 
2) temperature dependence of sorption capacity over a wide range of 
temperatures (311 – 423 K) for selected samples; 
3) influence of moisture on the sorption capacity for selected samples; 
4) variation of moisture uptake capacity (water isotherms); 
5) applicability of data reduction approach based on Langmuir function for 
reliable representation of experimental data. 
The results presented here extend and substantiate the still limited base of 
sorption data on shales and represent the first comprehensive study on European black 
shales. Some recommendation regarding the use of sorption data are presented in the 
last chapter of this manuscript. 
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5.2. EXPERIMENTAL 
5.2.1. Samples 
5.2.1.1. Posidonia shale 
Posidonia shale samples analyzed in this study stem from three shallow wells, 
Wickensen, Harderode and Haddessen in Hils syncline, NW Germany (Figure 5.1).  
These wells were drilled in the 80’s for research purposes. The black shales in these 
wells were drilled below about 40 metres of Mid-Jurassic sediments (to avoid 
weathering). These wells follow a regional maturity trend with maturity increasing 
from SE towards NW from immature (Wickensen well, VRr = 0.5 %) through mature 
(Harderode well, VRr = 0.9 %) to over-mature (Haddessen, VRr = 1.5 %). The 
Posidonia Shale is of Lower Toarcian age (Lias ε) and is an important source rock to 
many conventional oil fields in Western Europe and the North Sea. It has been 
intensely studied with respect to petrophysical properties (Mann et al., 1986), 
petrology and maturation (Littke et al., 1988, 1991a), quantification of petroleum 
generation (Rullkötter et al., 1988), kerogen structure (Vandenbroucke et al., 1993), 
quantification of weathering effects (Littke et al., 1991b) and petroleum migration 
(Leythaeuser et al., 1989). It is considered as a reference for marine shales with type 
II kerogen of mainly algal origin. The deposition of Posidonia Shale took place in 
shallow marine environment with prevailing anoxic conditions. It is subdivided into 
two main lithofacies, the lower marlstone and upper calcareous shale (Littke et al., 
1991a). The formation thickness in the studied Hils area is about 35 – 40 m. The 
maturation trend has been a matter of dispute. While early explanations favored a 
hypothesis of deep-seated igneous intrusion (“Vlotho Massiv”) newer studies based 
on basin modeling explain the lateral change in maturation by a complex burial and 
heat flow history and influence of hydrothermal fluids (Petmecky et al., 1999, 
Adriasola-Munoz et al., 2007; Bernard et al., 2012). 
The Posidonia Shale extends over a wide area in Europe from the Yorkshire basin 
(England) through the northern and southwestern German basins to the Paris basin. Its 
high TOC content and favorable mineralogy make it a prominent candidate for shale 
gas exploration in Europe. 
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Figure 5.1 Map showing the geological structure of the Hils Syncline and the 
locations of the shallow wells into the Posidonia Shale (Lower Jurassic) (modified 
after Rullkötter et al., 1988). 
5.2.1.2. Scandinavian Alum shale 
Samples belonging to the Lower Paleozoic Alum Shale formation were taken 
from a shallow research well (Skelbro-2) drilled in 2010 in the framework of the 
GASH project on the Danish island Bornholm (Schovsbo et al., 2011; Baumann-
Wilke et al., 2012) and from three outcrops in the coastal areas of Gislövshammar, 
Ottenby (S Öland) and Djupvik (N Öland) in Sweden. These locations lie within 
different regional maturity zones of the Alum formation (Figure 5.2). The maturity 
increases in order: Skelbro-2 (VRr = 2.4 %) > Gislövshammar (VRr = 2.0 %) > 
Ottenby (VRr = 0.9 %) > Djupvik (VRr = 0.5 %). It should be noted that reflectance 
was measured on vitrinite-like particles rather than “true” vitrinite in this 
Cambrian/Ordovician formation. In any case, the Skelbro-2 and Gislövshammar 
samples are post-mature, Ottenby is mature and Djupvik is immature with respect to 
petroleum generation.  
The Alum formation is marine black shale of Upper Cambrian to Lower 
Ordovician age that extends over a wide area in Southern Scandinavia, Poland, the 
Baltic Sea and Baltic countries (Nielsen and Schovsbo, 2006). It was deposited in a 
low-energy shallow marine environment under anoxic conditions (Pedersen, 1989). 
The formation is mainly composed of fissile organic-rich shale and mudstone with a 
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TOC content of up to 25 % (Nielsen and Schovsbo, 2006) and illite as dominant clay 
mineral. It reaches a maximum thickness of 100 to 160 m in Skåne (S Sweden) and 
the Danish offshore area (well Terne-1). The maturation increases towards the 
Caledonian deformation front and results from a deep burial during the Silurian. The 
organic matter in the Alum Shale is rather unusual and has been described as type I 
(e.g. Pedersen, 1989) as well as type II (Bharati et al., 1995) kerogen. It is derived 
primarily from algal material but is enriched in aromatic moieties and generates 
gaseous pyrolysis products (high gas/oil ratio) with aromatic oils upon heating 
(Bharati et al., 1995). It has been suggested that the unusual character of the kerogen 
results either from irradiation damage due to high uranium concentrations (100 – 300 
ppm, Schovsbo, 2002) or from an unusual OM source.  
 
Figure 5.2 Regional thermal maturity map of the Scandinavian Alum Shale (Schovsbo 
et al., 2011) and the sampling locations for this study. 
5.2.1.3. Carboniferous shales 
The sample material from Carboniferous core samples originates from 2 wells 
located in NE German basin (wells Sagard 1/70 and Zehdenick 2/75) and from the 
wells Schwalmtal 1001 (Lower Rhine basin) and Emmeloord-01 (Northern 
Netherlands). Their TOC and VRr values range from 3.5 % to 7 % and from 1.1 % to 
4.2 %, respectively. The Carboniferous rocks are distributed over large area in NW 
Europe extending from the UK, through Belgium, the Netherlands, Germany and 
Poland to Ukraine. Their economic significance is underlined by the numerous coal 
mining provinces (Pennsylvanian coals) and also by the fact that the Carboniferous 
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coals and black shales had sourced many gas fields in N German basin. While the coal 
mining activities have almost ceased nowadays, the Carboniferous black shales are 
being considered for their deep basin and shale gas potential (Hoffmann et al., 2001; 
Uffmann et al., 2012). The Lower Carboniferous (Dinantian) is characterized initially 
by shallow marine carbonates and carbonate platforms (“Kohlenkalk”) and by more 
shaly and organic-rich “Kulm” facies towards the East of the basin (Kombrink, 2008). 
During the transition from Visean to Namurian the uplift of the Variscan Mountains 
caused the sedimentation environment to change from shallow to deep marine and 
gave rise to thick successions of basinal shales. Equivalents of these marine Namurian 
are the Upper Alum Shale (“Hangender Alaunschiefer”) in Germany, the Geverik 
Member in The Netherlands, basal part of the Chokier Formation in Belgium and the 
Bowland Formation in the UK. These “Rhenohercynian” Alum shales (to distinguish 
them from the Cambrian-Ordovician Alum Shale) have favorable thermal maturities 
(gas maturities in most parts of the basin), TOC content and thickness with respect to 
shale gas potential. According to Uffmann et al. (2012) the Upper Alum Shale is 
similar to the US Barnett Shale in terms of the mineralogy, TOC and thickness. 
5.2.1.4. US shales (Barnett, Eagle Ford and Haynesville) 
In addition to the European shales, sorption properties of samples from selected 
(gas-producing) shale formations in the USA were included in this study as a 
reference. These include Barnett, Eagle Ford and Haynesville shale. The Barnett 
samples represent a natural maturity suite with maturities ranging from immature 
(0.7 % VRr, Ron Cheek #1) to over-mature (2.2 % VRr, Blakely #1). A number of 
samples were available from the Mesquite#1 well (Hamilton county, TX), with oil-
window maturity (VRr of 1.0 %), to study the variation of sorption capacities with 
TOC content and mineralogy. For detailed information on the geology, stratigraphy 
and rock properties of these shales the interested reader is referred to numerous 
publications for Barnett (e.g. Montgomery et al., 2005; Hill et al., 2007; Jarvie et al., 
2007; Loucks and Ruppel, 2007; Pollastro et al., 2007), Eagle Ford (e.q. Robison, 
1997; Dawson, 2000; Hsu and Nelson, 2002) and Haynesville (e.g. Cicero et al., 
2010; Spain et al., 2010; Hammes et al., 2011). 
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Table 5.1 Total Organic Carbon (TOC), vitrinite reflectance (VRr), bulk mineralogy (XRD) and methane sorption data for the studied 
shale samples. 
      XRD2   Methane excess sorption (338 K, dry)3 
Sample-ID 
Well /  
*Outcrop 
Depth  
(m) 
TOC  
(wt 
%) 
Maturity1 
VRr (%) 
Quartz+ 
Feldspars 
Total  
clays 
Carbo- 
nates 
  
Particle 
size 
(mm) 
He-
density 
dry 
(g/cm³) 
nex10MPa 
(mmol/g) 
nL 
(mmol/g) 
nL 
(mmol/g 
TOC) 
pL 
(MPa) 
ρa 
(kg/m³) 
Δn 
Alum_Skelbro#2-1 Skelbrø-2 9.41 5.7 2.4(1.9) 38.7 59.0 0.6 
 
0.5 - 1.0 2.557 0.140 0.201 3.539 2.94 631 4.16E-04 
Alum_Skelbro#2-2 Skelbrø-2 12.19 7.1 2.4(1.9) 30.2 60.7 0.8 
 
0.5 - 1.0 2.627 0.154 0.223 3.156 2.93 591 5.77E-04 
Alum_Skelbro#2-5 Skelbrø-2 23.66 9.0 2.4(1.9) 27.7 60.2 2.3 
 
0.5 - 1.0 2.613 0.191 0.287 3.208 3.18 509 5.80E-04 
Alum_Skelbro#2-8 Skelbrø-2 26.36 7.7 2.4(1.9) - - - 
 
<0.1 2.617 0.159 0.232 2.997 2.98 569 5.33E-04 
Alum_Skelbro#2-16 Skelbrø-2 37.63 5.6 2.4(1.9) 28.0 60.2 0.2 
 
0.5 - 1.0 2.720 0.118 0.177 3.163 3.17 516 5.44E-04 
Alum_Skelbro#2-18 Skelbrø-2 39.23 5.2 2.4(1.9) 31.2 60.1 0.2 
 
0.5 - 1.0 2.706 0.101 0.162 3.103 3.67 434 4.23E-04 
Alum_Skelbro#2-19 Skelbrø-2 39.29 4.4 2.4(1.9) 30.1 57.9 1.9 
 
<0.1 2.701 0.121 0.182 4.161 3.28 512 4.25E-04 
Alum_Djupvik 
*Djupvik (N. 
Öland) 
0 8.1 0.5(0.5) 57.2 32.7 0.2 
 
0.5 - 1.0 2.402 0.106 0.204 2.510 6.90 506 4.36E-04 
Alum_Ottenby *Ottenby 0 7.2 0.9(0.8) 39.0 50.2 1.1 
 
0.5 - 1.0 2.508 0.103 0.191 2.632 6.67 649 4.19E-04 
Alum_Gislövsh. *Givslövshammar 0 2.4 2.0(1.6) 4.7 7.5 85.5   0.5 - 1.0 2.652 0.052 0.095 4.028 5.88 457 2.30E-04 
Posidonia_WIC-143 Wickensen 45.7 14.1 0.5 18.0 35.0 39.6   <0.1 2.249 0.141 0.302 2.136 9.13 596 1.24E-04 
Posidonia_WIC-149 Wickensen 51.6 11.7 0.5 - - - 
 
0.5 -1.0 2.313 0.095 0.235 2.009 11.37 454 3.09E-04 
Posidonia_WIC-156 Wickensen 58.2 11.7 0.5 9.2 19.0 59.2 
 
<0.1 2.658 0.076 0.186 1.591 11.25 500 9.61E-05 
Posidonia_HAR-038 Harderode 44.5 9.3 0.9 19.0 29.9 34.3 
 
0.5 - 1.0 2.488 0.058 0.140 1.500 10.92 476 1.50E-04 
Posidonia_HAR-060 Harderode 66.8 6.8 0.9 17.3 39.7 25.9 
 
0.5 - 1.0 2.559 0.060 0.147 2.167 10.99 447 1.62E-04 
Posidonia_HAR-070 Harderode 76 10.9 0.9 19.9 32.5 41.6 
 
<0.1 2.488 0.054 0.106 0.968 7.45 600 6.54E-05 
Posidonia_HAD-103 Haddessen 50.8 6.7 1.5 19.8 35.9 32.9 
 
0.5 - 1.0 2.595 0.090 0.175 2.601 6.57 416 1.28E-04 
Posidonia_HAD-115 Haddessen 58 7.7 1.5 22.5 31.0 39.0 
 
<0.1 2.580 0.097 0.163 2.112 5.41 756 1.06E-04 
Posidonia_HAD-119 Haddessen 60.6 7.7 1.5 16.2 15.6 61.4 
 
0.5 - 1.0 2.608 0.096 0.163 2.126 5.42 658 3.31E-04 
Posidonia_HAD-123 Haddessen 63.8 10.5 1.5 24.8 32.1 32.0   <0.1 2.470 0.117 0.213 2.030 6.35 600 2.04E-04 
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S1/23 Schwalmtal 1001 1599 5.5 4.2 50.5 42.1 0.0   <0.1 2.638 0.083 0.128 2.307 2.93 392 2.73E-04 
S1/27 Schwalmtal 1001 1626.6 6.3 4.2 53.6 35.7 0.5 
 
<0.1 2.530 0.037 0.051 0.822 2.56 602 1.65E-04 
Zeh-2/9 Zehdenick 2/75 5206.1 5.8 2.9 56.7 42.7 0.0 
 
<0.1 2.527 0.098 0.135 2.320 2.43 675 2.26E-04 
Sagd-1/17 Sagard 1/70 2079 7.0 1.1 15.6 75.4 1.4 
 
<0.1 2.513 0.085 0.163 2.345 7.24 600 4.99E-04 
Emo-01/1 Emmeloord-01 1776.5 3.5 1.3 26.7 73.3 0.0   <0.1 2.587 0.064 0.187 5.309 14.90 422 1.77E-04 
Barnett_Mesquite#1-568 Mesquite#1 1114.0 1.1 1.0 38.1 9.1 49.9   0.5 - 1.0 2.666 0.014 0.042 3.704 15.60 496 5.65E-05 
Barnett_Mesquite#1-572 Mesquite#1 1119.8 0.4 1.0 19.4 0.6 79.7 
 
0.5 - 1.0 2.677 0.007 0.019 4.830 15.00 562 3.01E-04 
Barnett_Mesquite#1-576 Mesquite#1 1125.6 4.5 1.0 39.2 43.0 8.4 
 
0.5 - 1.0 2.567 0.052 0.114 2.527 9.70 570 2.23E-04 
Barnett_Mesquite#1-578 B Mesquite#1 1128.1 2.7 1.0 51.5 31.3 12.7 
 
0.5 - 1.0 2.601 0.030 0.094 3.475 14.63 300 1.48E-04 
Barnett_Mesquite#1-581 Mesquite#1 1139.3 3.8 1.0 32.2 48.1 13.3 
 
0.5 - 1.0 2.603 0.035 0.100 2.644 15.00 500 6.09E-04 
Barnett_Mesquite#1-584 A Mesquite#1 1142.7 8.0 1.0 31.7 56.9 4.3 
 
0.5 - 1.0 2.516 0.104 0.226 2.835 9.14 522 3.24E-04 
Barnett_Mesquite#1-1213 A Mesquite#1 1143.6 6.6 1.0 32.5 56.7 5.3 
 
0.5 - 1.0 2.574 0.081 0.157 2.388 7.19 560 3.57E-04 
Barnett_Mesquite#1-586 A Mesquite#1 1146.0 2.6 1.0 20.7 13.5 61.4 
 
0.5 - 1.0 2.613 0.037 0.083 3.186 9.93 577 1.52E-04 
Barnett_Mesquite#1-590 Mesquite#1 1152.1 4.3 1.0 36.5 36.4 17.3 
 
0.5 - 1.0 2.580 0.051 0.116 2.718 10.47 637 5.00E-05 
Barnett_Mesquite#1-1214 Mesquite#1 1157.9 4.9 1.0 45.3 40.2 8.8 
 
0.5 - 1.0 2.510 0.056 0.161 3.262 12.69 305 1.21E-04 
Barnett_Mesquite#1-595 Mesquite#1 1161.7 2.8 1.0 42.3 30.9 18.2 
 
0.5 - 1.0 2.668 0.018 0.040 1.456 9.32 453 1.20E-04 
Barnett_R.Cheek Ron Cheek #1 2409.1 5.6 0.7 - - - 
 
<0.1 2.533 0.047 0.108 1.924 9.98 467 4.46E-05 
Barnett_S.Saba *San Saba, Tx 0.0 11.7 0.8 - - - 
 
<0.1 2.244 0.153 0.311 2.662 8.26 602 1.94E-04 
Barnett_Blakely#1 Blakely#1 2191.8 3.5 2.2 43.5 39.0 11.4 
 
0.5 - 1.0 2.612 0.072 0.136 3.911 6.13 434 3.83E-04 
Eagle Ford *Del Rio, Tx 0 4.4 0.9 26.3 8.1 62.3 
 
<0.1 2.515 0.036 0.135 3.105 23.80 600 2.85E-04 
Haynesville McRae#4 3387.3 3.3 2.1 32.5 52.9 8.8  <0.1 2.651 0.109 0.184 5.638 5.49 790 3.61E-04 
1) The vitrinite reflectance data (VRr) for Posidonia sample is adopted from Littke et al. (1988). The VRr data for the Carboniferous samples were provided by 
Geoforschungszentrum Potsdam (GFZ). For Alum samples, in addition to the measured reflectance data on “vitrinite-like” particles, equivalent Vitrinite Reflectance data 
have been calculated according to Petersen et al. (2013) (see text in 5.3.1) and are reported in brackets. 
2) The XRD data for Carboniferous samples Zeh-2/9 and Emo-01/1 were provided by GFZ Potsdam. 
3) nex10MPais excess sorption capacity at 10 MPa; nL, pL,ρa and Δn are the Langmuir fitting parameters (Eq. 5.3) and is the fitting factor (Eq. 5.5), respectively. 
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5.2.2. Total organic carbon (TOC) analysis 
Samples for total organic carbon content (TOC) analysis were powdered using a 
laboratory disc mill. TOC data were measured with a liquiTOC II analyser of 
Elementar Analysensysteme GmbH, Hanau, Germany, equipped with a solids-module 
for direct TOC/TIC determination without acidification. This instrument operates in a 
non-isothermal mode with continuous recording of the CO2 release during oxidation, 
which permits individual determination of organic (Corg) and inorganic carbon (Cinorg) 
in a single analytical run and does not require removal of carbonates. Approximately 
100 mg of rock powder was injected, heated (300°C/min), and held at 550°C for 600 
seconds for Corg measurement. Then, the temperature was raised to 1000°C and held 
for 400 seconds for Cinorg measurement. The CO2 released at each heating stage is 
measured with a non-dispersive infrared detector (NDIR). This temperature ramp 
method is based on the fact that TOC can be oxidized at temperatures between 
450‐550°C, whereas TIC requires much higher temperatures (>800°C). 
5.2.3. Vitrinite reflectance (VRr) 
The random vitrinite reflectance data were measured using a Zeiss Axio Imager 
microscope in non-polarized light at a wavelength of 546 nm in oil immersion 
(refraction index ne =1.518; 23°C). The details of the sample preparation, equipment 
and the analytical procedure are given in Sachse et al. (2011) and Littke et al. (2012). 
In this study, mineral standards of known reflectance (yttrium-aluminum-garnet, 
YAG, 0.889 % and gadolinium-gallium-garnet, GGG, 1.721 %) were used for 
calibration. On each, sample 100 measurements were performed  whenever this was 
possible. In the Alum Shale samples, in which no “true” vitrinite is present, the 
reflectance was measured on vitrinite-like particles which are probably derived from 
graptolites (Petersen et al., 2013). 
5.2.4. X-Ray diffraction analysis (XRD) 
Bulk mineralogical compositions were derived from the X-ray diffraction patterns 
measured on randomly oriented powders. Rock samples were crushed manually in a 
mortar and milled subsequently with a McCrone Micronising mill for 15 minutes to 
assure uniform crystallite sizes. Milling was done in ethanol to avoid dissolution of 
water-soluble components and strain damage to the samples. An internal standard 
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(corundum, 20 wt %) was added to improve the accuracy of the analysis. Mineral 
quantification was performed on diffraction patterns from random powder preparates. 
Sample holders were prepared by means of a side filling method to minimize 
preferential orientation. The measurements were done on a Huber MC9300 
diffractometer using CoKα-radiation produced at 45 kV and 35 mA. During the 
measurement, the sample is illuminated trough a fixed divergence slit (1.8 mm, 
1.45°), a graphite monochromater and 58 mm, 0.3 mm spacing soller slits. The 
diffracted beam is measured with a scintillation detector with counting time of 
20 seconds for each step of 0.02° 2θ. Diffractograms were recorded from 2° to 76° 2θ. 
Quantitative phase analysis was performed by Rietveld refinement. BGMN software 
was used, with customized clay mineral structure models (Ufer et al., 2008). All 
reported mineral compositions relate to the crystalline content of the analyzed 
samples. 
5.2.5. Bulk density, grain density and total porosity 
Bulk densities (ρbulk) were determined from geometric dimensions on cylindrical 
plug samples, whenever these were available, or on cm-sized rock fragments using 
Archimedes method and de-ionized water as a fluid. For the Archimedes method, the 
bulk densities were determined as an average of measurements on three sub-samples. 
The variation between individual measurements was in most cases less than 
0.01 g/cm³. The grain densities (ρgrain) were measured using the helium pycnometer 
for most samples. For 5 Posidonia samples the grain densities were obtained from the 
water-filled porosity and the Archimedes bulk volume. There is in general a good 
agreement between the water-filled porosity and the helium porosity therefore the 
variation in the densities is expected to result from sample properties and not the 
method used. All bulk and grain density values were determined on basis of the dry 
sample weight (drying at 383 K under vacuum) and from these the total gas-filled 
porosities were calculated from: 
∅𝑡𝑜𝑡𝑎𝑙 = 1 −
𝜌𝑏𝑢𝑙𝑘
𝜌𝑔𝑟𝑎𝑖𝑛
     (5.1)  
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5.2.6. Methane sorption measurements 
5.2.6.1. Sample preparation 
High-pressure sorption isotherms were measured on dry as well as moisture-
equilibrated samples that were crushed and sieved to 0.5 – 1.0 mm particle size 
(powdered samples, < 0.1 mm, were used, where not sufficient material was available 
or where sample were already powdered). It should be noted that the sorption capacity 
can be influenced by the particle size. Especially in the milling process of preparing 
powder samples, the accessible interl surface area can be somewhat increased (or 
access provided to otherwise isolated pores, if present). Therefore, for three arbitrarily 
chosen samples, comparison sorption measurements on samples of varying particle 
sizes were performed (see Appendix). The drying procedure consisted of pre-drying 
the samples overnight in a vacuum oven and subsequent drying directly in the sample 
cell at 383 K under vacuum. This in-situ drying is necessary to remove any moisture 
taken up by the samples in contact with air humidity during their placement into the 
measuring cell since even small amounts of moisture will have a significant effect on 
the sorption (Gensterblum et al., 2010). The moisture-equilibration was done in an 
evacuated desiccator under controlled relative humidity (RH) conditions using 
saturated salt solutions of K2SO4 (97 % RH) and NaCl (75 % RH). 
5.2.6.2. High-pressure manometric sorption setup 
High-pressure (HP) sorption measurements were performed on a manometric set-
up (Figure 5.3), designed to measure at pressures of up to 25 MPa and temperatures 
of up to 348 K. The set-up consists of a stainless steel measuring cell (MC or SC), 
two high-pressure shut-off valves (V1 and V2) and a high-precision pressure 
transducer (0.05% of the end value of 25 MPa). The components are connected by 
1/16” stainless steel tubing. The dead volume of the pressure transducer and the 
volume of the tubing between valves V1 and V2 act as the reference volume 
(“reference cell”, RC). The volumes of reference and measuring cell volume are 
calibrated by helium expansion using steel cylinders of known dimensions placed in 
the measuring cell as a reference. A three-port valve (V3) switches between gas 
supply and a vacuum pump. Valves are operated by computer-controlled actuators. 
The cells, pressure transducer and the valves are placed in an air-bath and temperature 
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is kept constant within 0.1 K. Temperature readings are taken from a high-precision 
Pt-100 resistance temperature detector (RTD). 
 
Figure 5.3 Schematic representation of the high-pressure (HP) manometric sorption 
set-up. 
5.2.6.3. HPHT Set-up 
For sorption measurements at high temperatures the conventional HP setup was 
modified to enable sorption measurements at up to 473 K (HPHT) (Figure 5.4). A 
detailed description of the apparatus and the methodology is provided in Chapter 2. 
HPHT isotherms were measured on dry samples in the temperature range between 
311 K and 373 K for immature and mature samples and between 311 K and 423 K for 
over-mature samples.  
 
Figure 5.4 Schematic representation of the high-pressure high-temperature (HPHT) 
sorption set-up. 
5.2.6.4. Calculation of excess sorption 
The sorption isotherms obtained experimentally by any conventional technique of 
sorption measurement (gravimetric or manometric) are the so-called “excess” sorption 
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isotherms. An overview of the concept of excess sorption, also denoted Gibbs surface 
excess, is given by Sircar (1999). In a manometric sorption measurement the excess 
sorbed mass (𝑚𝑒𝑥𝑐𝑒𝑠𝑠) is calculated from the difference of the total mass of gas 
transferred into the sample cell (𝑚trans) and the mass of gas that would occupy the 
void volume (𝑉𝑣𝑜𝑖𝑑
𝐻𝑒 ) of the system (determined with a non-sorbing gas at the same 
pressure and temperature): 
𝑚𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑚𝑡𝑟𝑎𝑛𝑠 − 𝜌𝑔(𝑝, 𝑇)𝑉𝑣𝑜𝑖𝑑
𝐻𝑒     (5.2) 
The void volume is determined by helium expansion at the experimental temperature 
of the sorption measurement. Helium expansion tests are performed up to pressures of 
15 MPa to check the constancy of 𝑉𝑣𝑜𝑖𝑑
𝐻𝑒  with pressure. The methane density 𝜌𝑔(𝑝, 𝑇) 
as a function of pressure and temperature was calculated using the equation of state by 
Kunz et al. (2007). 
5.2.6.5. Parameterization of excess sorption isotherms 
For practical use, the measured excess sorption data are often represented by 
conceptual models of the sorption mechanism. For coals, the Langmuir model based 
on the “monomolecular” layer concept is commonly used as it is simple and provides 
a good representation of the measured sorption data up to intermediate pressures (< 10 
MPa) representative of CBM reservoirs. For fundamental considerations, models 
based on the pore-filling (Dubinin-Radushkevich) and lattice (Ono-Kondo) concepts 
have recently gained attention in studies on high-pressure sorption. In this work, we 
use the Langmuir model due its simplicity and the fact that fact that it provides 
equally good fit to the measured data as the other two mentioned models. Because the 
Langmuir model was originally designed for low pressure (vapour) sorption, and to 
make it consistent with mass balance considerations, an adapted 3-parameter form 
was used to high-pressure (supercritical) applications (e.g. Gensterblum et al., 2009; 
Gasparik et al., 2012): 
𝑛𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑛𝐿
𝑝
𝑝+𝑝𝐿
(1 −
𝜌𝑔
𝜌𝑎𝑑𝑠
)    (5.3) 
where 𝑛𝑒𝑥𝑐𝑒𝑠𝑠 (mmol/g) denotes the excess sorbed amount of substance at pressure p. 
𝑝𝐿 (MPa) is the Langmuir pressure, corresponding to the pressure at which half of the 
(“monolayer”) sorption sites are occupied, and 𝑛𝐿 (mmol/g) is the maximum 
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Langmuir capacity (corresponding to the “Langmuir volume”), denoting the amount 
adsorbed at full occupancy of the “Langmuir monolayer”. The second term on the 
RHS of the equation results from the definition of the excess sorption according to 
which: 
𝑛𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑉𝑎𝑑𝑠(𝜌𝑎𝑑𝑠 − 𝜌𝑔)    (5.4a) 
or:  
𝑛𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑛
𝑎𝑏𝑠 (1 −
𝜌𝑔
𝜌𝑎𝑑𝑠
)    (5.4b) 
where Vads is the volume of the sorbed phase; ρads and ρg are the densities of the 
sorbed and the free gas phase (p, T), respectively. The expression 𝑉𝑎𝑑𝑠𝜌𝑎𝑑𝑠 denotes 
the absolute sorption (𝑛𝑎𝑏𝑠) which can expressed by the Langmuir or the Dubinin-
Radushkevich (e.g. Sakurovs et al., 2008) function. At very high pressures (> 15 
MPa), when the absolute sorption ceases to increase while the bulk gas density (ρg) 
continues to increase, the excess sorption isotherms exhibit a maximum. Such 
isotherms can only be represented by the 3-parameter form of the Langmuir function 
(Gasparik et al. 2012). 
The parameters nL, pL and ρads were fitted to the experimental excess sorption data 
using a least squares minimization procedure. In order to minimize the degrees of 
freedom in the fitting procedure only the pL parameter was allowed to vary with 
temperature (Table 5.2). The fitting performance was characterized by the parameter 
Δn according to the equation:    
∆𝑛 =
1
𝑁
√∑ (𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝑒𝑥𝑝 − 𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝑓𝑖𝑡 )
2
𝑁
1     (5.5) 
where N is the number of data points, 𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝑒𝑥𝑝
 and 𝑛𝑒𝑥𝑐𝑒𝑠𝑠
𝑓𝑖𝑡
 is the measured and 
calculated value for excess sorption for individual point, respectively. 
Table 5.2 Constrains on the Langmuir 
fitting parameters with respect to 
temperature 
Parameter nL pL ρads 
T-dependency = const. 𝑓(𝑇) = const. 
 
  
105 Geological Controls On The Methane Storage Capacity In Black Shales 
5.2.6.6. Thermodynamic parameters of sorption 
In the Langmuir adsorption model, the thermodynamic parameters describing the 
sorption process can be obtained from the temperature dependence of the Langmuir 
pressure constant, pL (Myers and Monson, 2002): 
ln 𝑝𝐿 =
∆𝐻
𝑅𝑇
−
∆𝑆
𝑅
+ ln 𝑝0    (5.6) 
where ∆𝐻 is the enthalpy of sorption, which is equal in magnitude to isosteric heat of 
adsorption qst but with negative sign, (∆𝐻 = −𝑞𝑠𝑡); ∆𝑆 is the molar entropy of 
sorption and p0 = 1 bar is the pressure at the perfect-gas reference state (Myers and 
Monson, 2002).  
The 𝑞𝑠𝑡 and ∆𝑆 parameters are obtained from the slope and the y-axis intercept, 
respectively, of the plot of ln 𝑝𝐿 versus 1/T. 
5.2.7. Water isotherms 
Uptake of water vapor as a function of relative pressure (relative humidity) was 
determined by moisture-equilibrating the samples at room temperature (~ 297 K) over 
saturated salt solutions in an evacuated desiccator (Figure 5.5). Crushed samples 
(~10 g) with a particle size of 0.5 – 1.0 mm were used. The moisture equilibration 
was performed at 5 different humidity conditions until weight constancy starting at 
low relative humidity (~7 % RH). The humidity was then increased stepwise up to ~ 
97 % RH (Table 5.3). The moisture uptake (in g/g) is the calculated by Eq. 5.7. The 
water isotherms are then obtained by plotting the moisture uptake against the relative 
humidity (or relative pressure, p/p0).  
𝑤(𝑝 𝑝0⁄ ) =
𝑚𝑚𝑜𝑖𝑠𝑡(𝑝 𝑝0⁄ )−𝑚𝑑𝑟𝑦
𝑚𝑑𝑟𝑦
   (5.7) 
The water isotherms were then obtained by plotting the moisture uptake against 
the relative pressure, 𝑝 𝑝0⁄  (=RH% / 100). The measured water uptake (𝑤) data were 
fitted to 3-parameter Guggenheim-Anderson-de Boer (GAB) adsorption model: 
𝑤(𝑝 𝑝0⁄ ) =
𝑤𝑚𝐶𝐺𝐴𝐵𝑎𝑤
(1−𝑘𝑎𝑤)(1+(𝐶𝐺𝐴𝐵−1)𝑘𝑎𝑤)
   (Eq.8) 
where wm is the monolayer capacity; 𝑎𝑤 is the water activity which is equal to relative 
pressure (𝑎𝑤 =p/p0); CGAB is a constant related to the heat of adsorption and k is a 
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constant. The GAB equation reduces to the well-known BET when k = 1. Following 
the procedure described in Timmermann (2003) the wm, CGAB and k parameters were 
fitted to the measured data by the least-squares method.   
Table 5.3 Salt solutions used for water sorption 
measurements by moisture equilibration. 
Relative humidity (RH) values in %. 
Salt solution RH (298 K) 
KOH 8 
MgCl2∙6H2O 33 
Mg(NO3)2∙6H2O 53 
NaCl 75 
K2SO4 97 
 
 
Figure 5.5 “Dessiccator method” for measuring water isotherms 
5.3. RESULTS 
5.3.1. Organic matter richness and thermal maturity 
The results from the Total Organic Carbon (TOC) and Vitrinite Reflectance (VRr) 
measurements are listed in Table 5.1 and show a range of values from < 1 % to 18 % 
TOC, and from 0.5 % to > 4 % VRr (Figure 5.6). The TOC values vary significantly 
between and within individual shale formations. With few exceptions all samples in 
this data set are organic-rich having TOC > 2 %. The VRr for the Lower Paleozoic 
Alum shale was measured on “vitrinite-like” particles and compares well to the 
previously published data from those locations (Buchardt et al. 1986). In their 
recently published work, Petersen et al. (2013) suggested that these vitrinite-like 
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particles are fragments of graptolites (zooclasts). The reflectance behavior with 
maturity is similar to that of the vitrinite, however, the reflectance of 
graptolites/vitrinite-like particles increases faster with maturity than that of vitrinite. 
According to Petersen et al. (2013), the relationship between the “equivalent” 
Vitrinite Reflectance and the reflectance measured on graptolites/vitrinite-like 
particles can be described by: VReqv = 0.73R(graptolites+vitrinite-like)low + 0.16. In Table 5.1, 
both measured and calculated equivalent reflectance data are reported for Alum shale 
samples. For the sake of consistency the equivalent reflectance data (VReqv) are used 
in all figures throughour this chapter.     
 
Figure 5.6 Plot of Total Organic Carbon (TOC) versus the Vitrinite Reflectance (VRr) 
for the studied samples. The color coding corresponds to different formations and the 
symbols to different well/outcrop locations.  
5.3.2. Bulk mineralogy (XRD) 
A comprehensive quantitative mineralogical study was performed on 55 samples. 
For the purpose of relating the sorption capacities of the shales to the clay mineral 
content only the total clay content is report here. For the entire sample set the 
dominant clay mineral type is illite (mica) with some illite/smectite mixed layer. No 
significant quantities of smectite were present in the studied samples. The variation in 
silicate, clay and carbonate contents is shown in a ternary plot in Figure 5.7. It shows 
that the composition of the Alum samples is fairly homogeneous with clays (50 – 60 
wt %) and quartz (~ 60 wt %) being the dominant phase for Skelbro#2 and Djupvik, 
respectively. An exception is the Gislövshammar sample which is a carbonate 
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(carbonate content of 86 wt %) and likely corresponds to one of the limestone marker 
beds within Alum. On the other hand the Barnett shales display a large variation in 
mineralogical composition between carbonate and claystone. This is indicative of a 
marine sedimentation environment influenced by sea level changes and/or subsidence 
rates. Posidonia samples show a rather homogenous mineralogy with two groups 
corresponding to the claystone and the marlstone units. The Carboniferous samples 
are dominated by clays and quartz and are poor in carbonates. 
 
Figure 5.7 Ternary diagram showing the distribution of the silicate, carbonate and 
clay minerals for the studied samples. The color coding corresponds to different 
formations and the symbols to different well/outcrop locations.   
 
5.3.3. Helium (total gas-filled) porosity 
The total gas-filled porosity data were calculated from the measured bulk and 
grain densities. In general, the porosities range from < 1 % up to 16 % and vary 
significantly between the individual shale formations and within the same formation 
for different maturation levels. The porosities were compared to TOC and clay 
contents for individual shale formations and maturities (Figure 5.8). This should not 
imply, however, that porosity is exclusively related to content of organic matter and 
clay minerals. Different trends exist for each of the investigated formations. For 
example, porosity in Posidonia Shale is clearly controlled by thermal maturity. The 
HAR samples which are in the oil window have significantly reduced porosities 
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compared to the immature WIC and over-mature HAD samples. This reduction in 
porosity is due to pore occlusion by (solid) bitumen and/or mechanical compaction 
during burial up to the peak oil generation stage. Solid bitumen is visible in the 
Harderode core in many fractures, but also in the rock matrix (Littke et al., 1988). The 
porosity increase in HAD samples is partly related to creation of organic matter-
hosted porosity during the post-mature stage. This secondary porosity was observed 
by high resolution TEM studies only at the post-mature stage (Bernard et al., 2012). 
The four WIC and HAD samples with the highest porosities correspond to the lower 
marlstone units and are likely to have experienced some level of mineral (carbonate) 
dissolution.  
The Alum shales from the Skelbro#2 well have total porosities between 8 and 
11 %. One plug sample from the depth of 26.4 m had a measured porosity of 21 % 
and displayed large macroscopic vugs - few mm in diameter- which are likely related 
to mineral dissolution processes at the near surface. The decrease in porosities in oil 
maturity samples observed in the Posidonia sequence is not observed for the Alum 
samples.  
Figure 5.8 Helium porosity (total gas-filled porosity) as a function of TOC content 
(left) and total clay content (right). The different shale formations are marked with 
different symbols, and different colors are used to distinguish the different maturities 
for individual formations (see legend on the right).  
5.3.4. Methane sorption (dry samples) 
5.3.4.1. Methane sorption isotherms at 338 K 
The methane sorption isotherms measured at 338 K on dry samples for all studied 
shale formations are shown in Figure 5.9 normalized to sample weight (left) and to 
TOC content (right). Although, more isotherms were measured on the Skelbro#2, 
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Posidonia and Mesquite#1 samples they are not shown in Figure 5.9 for the sake of 
clarity (the general trends are not affected by the selection of displayed isotherms). 
The fitted Langmuir parameters for all 338 K isotherms are listed in Table 5.1. The 
maximum sorption capacities normalized to sample weight vary between 0.03 and 
0.18 mmol/g. Normalized to TOC the sorption capacities range from 0.4 to 
3.8 mmol/g TOC and show even larger variations than on sample weight basis. For 
Posidonia, Alum and Barnett samples there is a systematic trend between the TOC-
normalized sorption isotherms and thermal maturity (VRr). Sorption capacities are 
higher by as much as 50 % for over-mature (VRr > 1.5 %) compared to mature and 
immature samples (VRr < 1 %). Also, note the variation in the shape of the isotherms. 
The presence of maxima in excess sorption is generally observed for samples with 
high maturity, while this is not the case for immature ones. The position of these 
maxima with respect to pressure axis is between 10 and 15 MPa and shifts towards 
lower pressures with increasing maturity – compare HAD (VRr = 1.5 %), Skelbro-2 
(VReqv = 1.9 %) and S1/27 samples (VRr = 4.2 %).   
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Figure 5.9 Methane excess sorption isotherms at 338 K measured on dry samples in 
mmol/g (left) and normalized to TOC in mmol/g TOC (right). 
5.3.4.2. Methane sorption isotherms at different temperatures 
Methane sorption isotherms were measured at a range of temperatures on selected 
samples (the temperature dependence of methane sorption was not determined on the 
Carboniferous and the Eagle Ford samples). The measurements were performed at 
temperatures of up to 373 K (Djupvik, Ottenby, WIC, HAR, Mesquite#1) for 
immature and mature samples and up to 423 K for over-mature samples (Skelbro#2, 
Gislövsh., HAD, Blakely#1, Haynesville). Figure 5.10 shows the excess sorption 
isotherms at temperatures from 311 K to 373 K (WIC, HAR samples) and to 423 K 
(HAD sample) for the Posidonia samples. It shows a typical decreasing trend in 
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sorption capacity with increasing temperature. Moreover, the increase in temperature 
affects the shape of the isotherm. The pronounced maximum in excess sorption at 
311 K seems to flatten out and move to higher pressure with increasing temperature. 
At high temperatures the excess sorption is monotonically increasing with pressure 
and no maximum of excess sorption is observed in the measured pressure range.  
The 3-parameter excess sorption function (Eq. 5.3) was fitted to the experimental 
data according to the scheme in Table 5.2. The change in the isotherm shape with 
temperature is expressed in the second Langmuir parameter, Langmuir pressure (pL), 
which changes exponentially with temperature. Plotted as ln (pL) against the 
reciprocal temperature (1/T) a linear trend is obtained. In addition, the isotherm shape 
and the Langmuir pressure are controlled by the thermal maturity, with pL decreasing 
with increasing maturity (Figure 5.11). The values for pL at different 1/T are listed in 
Table 5.4. 
 
 
Figure 5.10 High-temperature excess sorption isotherms of methane for Posidonia 
samples of different maturities. The maximum experimental temperatures were 423 K 
for over-mature (Haddessen) and 373 K for immature – mature (Wickensen, 
Harderode) samples. The lines represent the fit of the 3-parameter Langmuir function 
(Eq. 5.3). 
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Figure 5.11 Linear plots of the logarithm of Langmuir pressure (pL) versus the 
inverse of the temperature (1/T). The pL values were obtained from fitting the Eq. 5.3 
to the measured isotherms at different temperatures.  
Table 5.4 Values for the ln (pL) versus 1/T corresponding to Figure 5.11 
Posidonia 1/T [K-1] ln (pL)   Alum 1/T [K-1] ln (pL) 
WIC-149 0.00321 2.026   Djupvik 0.00321 1.444 
  0.00296 2.554     0.00296 1.931 
  0.00268 2.937     0.00279 2.289 
HAR-038 0.00321 2.121     0.00268 2.547 
  0.00296 2.534   Ottenby 0.00321 1.317 
  0.00268 2.867     0.00296 1.897 
HAR-060 0.00321 2.016     0.00268 2.360 
  0.00296 2.477   Gislövsh. 0.00321 1.037 
  0.00268 2.910     0.00296 1.671 
HAD-119 0.00321 1.778     0.00268 2.102 
  0.00296 2.286   Skelbro#2-16 0.00321 0.857 
  0.00268 2.702     0.00296 1.398 
  0.00236 3.060     0.00268 1.881 
          0.00236 2.429 
Barnett       Skelbro#2-18 0.00321 0.763 
Mesquite#1-576 0.00321 1.733     0.00296 1.292 
  0.00296 2.272     0.00268 1.832 
  0.00268 2.810     0.00236 2.454 
Mesquite#1-586a 0.00321 1.956         
  0.00296 2.296         
  0.00268 2.766         
Blakely#1 0.00321 1.181   Haynesville     
  0.00296 1.812   McRae#4 0.00321 1.116 
  0.00268 2.410     0.00296 1.742 
  0.00236 2.935     0.00268 2.179 
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5.3.5. Methane sorption (moist samples) 
5.3.5.1. Methane sorption isotherms at 311 K 
The effect of moisture on the sorption capacity was studied by comparing the 
sorption isotherms of dry and moist samples. Moist samples were prepared by 
moisture-equilibration under controlled relative humidity (RH) conditions using 
saturated salt solutions of K2SO2 (97 % RH) and NaCl (75 % RH). The comparison of 
excess isotherms between dry and moisture-equilibrated samples is shown in Figure 
5.12 for selected Posidonia and Alum samples (the sorption data on moist samples are 
limited to those shown in Figure 5.12). A significant decrease in sorption capacity by 
> 50% can be observed for the dry vs. the moisture-equlibrated samples. Moreover, 
the results for the Djupvik and Skelbro#2-18 samples show that between 97% and 
75% RH there is no significant difference in the sorption capacity, although the 
shapes of the isotherms are slightly different. This can be related to substantial excess 
water at 97 % RH. The critical moisture content as observed by Joubert et al. (1973, 
1974) and Day et al. (2008) in coals, above which there is no further reduction in 
sorption capacity with increasing moisture is thus achieved at RH ≤75 %. The 
Langmuir parameters of the isotherms shown in Figure 5.12 are listed in Table 5.5. 
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Figure 5.12 Comparison of the excess sorption isotherms measured on dry and 
moisture-equilibrated (at 97% and 75% relative humidity, RH) Posidonia and Alum 
samples at 311 K. 
 
Table 5.5 Moisture contents, water and methane sorption capacities and Langmuir 
parameters for the samples presented in Figure 5.12 
Sample Alum 
SK#2-1 
Alum 
SK#2-
18 
Alum 
Djupvik 
Posidonia 
HAD-103 
Posidonia 
HAR-060 
moisture content mw/mdry (g/g) 0.028 0.024 0.033 0.033 0.022 
water sorption wm,GAB (mmol/g) 0.35 0.46 0.49 0.39 0.36 
Sorption capacity, dry 
nL (mmol/g) 0.22 0.16 0.20 0.19 0.14 
n10MPa (mmol/g) 0.16 0.11 0.12 0.11 0.07 
pL (MPa) 2.38 2.14 4.24 5.25 6.75 
ρads (kg/m³) 545 434 506 445 503 
Sorption capacity, moist 
nL (mmol/g) 0.10 0.09 0.11 0.11 0.07 
n10MPa (mmol/g) 0.06 0.05 0.07 0.05 0.04 
pL (MPa) 5.08 5.08 4.24 7.79 8.77 
ρads (kg/m³) 545 434 506 445 503 
Reduction in sorption 
capacity 
(nL,dry -nL,moist)/wm,GAB 
0.3 0.2 0.2 0.2 0.2 
 
 116 
5.3.6. Water sorption isotherms at 297 K 
The water sorption isotherms measured by the “desiccator” method are shown in 
Figure 5.13 for the Alum, Posidonia and Barnett samples. They are typical type II, 
rarely type III (e.g. WIC sample in Figure 5.13c) isotherms according to the IUPAC 
classification of sorption isotherms.  
 
Figure 5.13 Water sorption isotherms at 297 K for Alum, Barnett and Posidonia 
samples. The dots represent the measured data points and the lines are only for visual 
guidance.  
The water isotherms were parameterized using the GAB model (Eq. 5.8). An 
example of the GAB fit is shown in Figure 5.14 for one Posidonia sample. The 
monolayer capacities (wm) calculated from the GAB model are reached at relative 
humidities on average between 20% and 50% for most samples, whereas they are 
reached at RH < 10% for the Gislövsh and most Mesquite samples. There is a weak 
positive correlation between the maximum sorption capacity for methane (nL) and for 
water (wm) (Figure 5.15). Similar observations were made by Chalmers and Bustin 
(2007) who suggested that the moisture is sorbed within the microporosity of the 
organic matter. 
  
117 Geological Controls On The Methane Storage Capacity In Black Shales 
 
 
Figure 5.14 An example of GAB fitting of the measured water sorption isotherm 
 
Figure 5.15 Weak correlation between monolayer sorption capacities for methane 
and water, obtained from Langmuir and GAB fitting, respectively.  
5.4. DISCUSSION 
5.4.1. Effect of organic matter richness and mineralogy 
The sorption capacities to methane compared to the TOC content show a positive 
linear trend with varying degree of deviation from this trend for individual samples. 
This is shown in Figure 5.16 for Posidonia, Alum and Barnett samples. The diagrams 
on the left show the relationship between the excess sorption capacity at 10 MPa 
(nex10MPa) and TOC, while on the right the maximum Langmuir sorption capacity (nL) 
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is plotted versus TOC. In the first case, a slight shift of the TOC trends towards higher 
sorption capacities is observed with increasing thermal maturity (VRr). In the second 
case, when nL is plotted instead, this shift is no longer evident. Given that the nL is the 
theoretical maximum absolute sorption capacity at infinite pressure (according to the 
Langmuir model), this may suggest that the number of sorption sites within the 
organic matter does not change considerably between different maturities for 
individual samples. Rather, at higher maturity levels the saturation (nexcess → nL) is 
approached more rapidly with increasing pressure (as shown by the decrease in 
Langmuir pressure, pL with maturity, Figure 5.19). This indicates that the sorption 
sites become more energetic with increasing maturity. 
 
 
Figure 5.16 Sorption capacity at 10 MPa, nex10MPa, (left) and maximum Langmuir 
capacity, nL(right) as a function of TOC for dry Posidonia, Alum and Barnett 
samples. The differences in maturation level (vitrinite reflectance, VRr) of the samples 
are indicated by different gray scale values.
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   In order to investigate the individual contributions from TOC and clay minerals 
to the sorption capacity, the maximum Langmuir sorption capacity (nL) was plotted 
against the TOC and the total clay content (Figure 5.17). Obviously, there is only a 
weak positive trend of nL with the clay mineral content (2 – 80%) while considerably 
stronger correlation exist between nL TOC (1 – 14%) for these shales. For nL 
normalized to TOC, no trend at all is observed with the total clay mineral content. 
This trend does not change if individual clay minerals are plotted instead of total clay 
content. It should be noted that illite (mica) or illite-smectite mixed layer with high 
level of ordering is the dominant clay mineral in the entire sample set. Smectite, 
which is known to have the highest sorption capacity, is not present in detectable 
quantities.  
 
 
Figure 5.17 Maximum Langmuir sorption capacity, nL  as a function of total clay 
content for all studied samples. The dominant clay in this dataset is illite and highly 
ordered illite-smectite mixed layer. Only a very weak positive trend of nL with the clay 
mineral content is observed and no trend at all is observed when nL is normalize to 
TOC (not shown in the figure). 
The sorption capacities of the studied shales were compared to literature data that 
include recent studies on the sorption on pure clay minerals (Ji et al., 2012) and 
kerogen concentrates (Zhang et al., 2012) and are shown in Figure 5.18. The cases, 
where clay minerals contribute significantly to sorption capacity as reported by 
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Gasparik et al. (2012), are likely to be limited to organic-lean shales with high clay 
content and/or to the cases where considerable amounts of smectite are present. 
However, by the time these shales have reached the gas window, most of the smectite 
(if originally present) will have been converted to illite or be present as highly ordered 
illite/smectite mixed layer. The sorption capacities of these are considerably lower 
than that of pure smectite as shown by Ji et al. (2012). Given that sorption capacity of 
kerogen (per g TOC weight) is almost an order of magnitude higher than those of 
typical clay minerals (Zhang et al., 2012; Ji et al., 2012) the sorption capacity to 
methane for organic-rich shales will be primarily controlled by the TOC. 
 
Figure 5.18 Comparison of the maximum Langmuir sorption capacities nL as a 
function of TOC for shales (this study and Gasparik et al. 2012) and for different 
organic and inorganic constituents of the shales (*Zhang et al. 2012; ** Ji et al. 
2012). The values for pure clay minerals are plotted on the y-axis (i.e. TOC = 0 %). 
5.4.2. Effect of thermal maturity 
The effect of thermal maturity on the TOC-normalized excess sorption capacity at 
10 MPa (nex10MPa), maximum Langmuir capacity (nL) and Langmuir pressure (pL) is 
shown in Figure 5.19 a – c. As noted earlier there is a distinct increase in sorption 
capacity with maturity and this trend is best observed for nex10MPa (Figure 5.19a), 
whereas it is less distinct for nL (i.e. at “infinite” pressure) (Figure 5.19b). The 
Langmuir pressure constant seems to follow a power-law trend with maturity 
(Figure 5.19c).  
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The observation that the sorption capacity on TOC basis increases with maturity 
is in agreement with previous studies. Bustin and co-workers related this increase in 
sorption capacity to the creation of microporosity within organic matter upon thermal 
maturation. It has been also suggested that this is an effect related to change in surface 
chemistry, namely the increase in aromaticity of the kerogen residue (Zhang et al., 
2012). In any case both processes result from the thermal break down of the organic 
matter that sets on abruptly during the catagenesis stage of thermal maturation of 
kerogen. By comparing the 338 K isotherms of shales of different maturities 
(Figure 5.9) a distinct increase in sorption capacity is only observed in over-mature 
samples, while there is practically no difference in TOC-normalized sorption 
capacities between the immature and mature samples. It is also interesting to note, 
that the sorption capacities seem to decrease again at very high maturities (equivalent 
of anthracite and meta-anthracite rank in coals). This observation is limited to only 3 
Carboniferous samples with vitrinite reflectance values between 2.9 %, and 4.2 % and 
more data is needed to confirm whether this is a general trend or not. 
 
Figure 5.19 The effect of thermal maturity (vitrinite reflectance, VRr) on the TOC-
normalized sorption capacity at 10 MPa, nex10MPa, (a), and maximum Langmuir 
capacity, nL (b). Note that the TOC-normalized sorption capacity increases with 
maturity but seems to decrease again at very high maturation levels. The change in 
Langmuir pressure, pL with VRr seems to follow a power law trend (c). 
5.4.3. Effect of temperature – sorption thermodynamic parameters 
Thermodynamic parameters calculated from the temperature dependence of the 
Langmuir pressure according to Eq. 5.6 are summarized in Table 5.6. The sorption 
enthalpies (ΔH) vary from -12 to -18 kJ/mol and sorption entropies (ΔS) vary between 
−74 and −87 J/mol/K. A linear relationship exists between ΔH and ΔS (Figure 5.20) 
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and this is attributed to the nature of physical (Van-der-Waals forces) bonding of the 
gas and the solid molecules. Compared to the data reported for different kerogen types 
(Zhang et al., 2012) and clay minerals (Ji et al., 2012) it is shown that, for typical 
organic-rich shales, the ΔH and ΔS values fall between the end members of the main 
organic and inorganic constituents of the shales. Moreover, since none of the shales 
presented in Figure 5.20 contains type III kerogen the data points are clustered 
between those for kerogen type II and clay minerals.   
Table 5.6 Sorption enthalpies (ΔH) and sorption entropies (ΔS) 
obtained from the temperature dependence of the Langmuir 
pressure constant calculated from the Eq. 5.6. 
 
Sorption enthalpy  Std. sorption entropy 
Sample-ID ΔH (kJ mol-1)  ΔS (J mol-1 K-1) 
Alum_Skelbro#2-1 -17.7  -82.2 
Alum_Skelbro#2-5 -17.0  -80.4 
Alum_Skelbro#2-16 -15.2  -75.5 
Alum_Skelbro#2-18 -16.8  -79.6 
Alum_Djupvik -17.1  -86.1 
Alum_Ottenby -16.2  -82.4 
Alum_Gislövsh. -13.9  -73.2 
Posidonia_WIC-149 -14.1  -81.6 
Posidonia_HAR-038 -11.6  -74.2 
Posidonia_HAR-060 -14.3  -81.1 
Posidonia_HAD-119 -12.4  -74.5 
Barnett_Mesquite#1-8 -16.7  -87.4 
Barnett_Mesquite#1-4 -12.6  -75.8 
Barnett_Blakely#1 -17.0  -84.2 
Haynesville -16.5  -81.8 
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Figure 5.20 Plot of sorption entropy (ΔS) versus sorption enthalpy (ΔH) obtained from the 
temperature dependence of the Langmuir pressure (Eq. 5.6). Data for shales (this study) are 
compared to the data for different kerogen types (*Zhang et al. 2012) and clay minerals (**Ji 
et al. 2012). Different color coding is used for the immature to mature (red crosses) and the 
over-mature shales (black crosses). The data for kerogen types I, II and III in Zhang et al. 
2012 were determined on two kerogen concentrates and a coal sample with maturities < 0.6 
% VRr. 
5.4.4. Effect of moisture 
The most crucial control on the sorption capacity is exerted by moisture. The 
results of sorption measurements on samples moisture-equilibrated at 97 and 75% RH 
in this study show a decrease by 40 to 60 % relative to sorption capacities of dry 
shales (Figure 5.21a). No difference in sorption capacities was observed between the 
samples moisture-equilibrated at 97 and 75% RH suggesting that the moisture content 
is in both cases above the critical moisture content (as observed on coals, Joubert et 
al., 1974, 1974; Levy et al., 1997; Day et al., 2008). When comparing the decrease in 
the maximum Langmuir sorption capacity between the dry and the moisture-
equilibrated state to the monolayer sorption capacity of water obtained from the GAB 
fit (Table 5.5), one can estimate the number of methane sorption sites occupied 
(“taken away”) by one water molecule.Values of the ratio (ndry-nmoist)/nwater are found  
to range between 0.2 and 0.3. This means that each sorbed molecule of water 
displaces 0.2 to 0.3 molecules of methane which is consistent with the results by Day 
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et al. (2008) on coals. However, as sorption data at intermediate and low moisture 
contents are not available this remains to be investigated in future work.    
 
Figure 5.21 Comparison of the (a) maximum Langmuir capacities, nL, and (b) the 
Langmuir pressures, pL, for dry and moisture-equilibrated samples. The sorption 
capacity for moist samples is 40 to 60% of that for dry samples. The pL values for 
moist samples are higher than for dry samples. 
5.4.5. Effect of moisture on sorption kinetics 
The presence of water also has a dramatic impact on the kinetics of methane 
sorption. While the study of sorption kinetics was not within the scope of present 
work, we demonstrate here that, while the uptake of methane in a sorption experiment 
on dry shales is relatively rapid there is a considerable decrease in the uptake rate for 
moisture-equilibrated shales (Figure 5.22 a). Moreover, large differences are 
observed in the uptake rates between different shales moisture-equilibrated at the 
same RH conditions (Figure 22 b). The kinetics of sorption and desorption is crucial 
for quantitative modeling of gas transport within the shale and should be the focus of 
future work. 
a b 
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Figure 5.22 Difference in the kinetics of methane uptake during the first equilibration 
step of the sorption measurement for dry and moisture-equilibrated sample (a) and 
between different moisture-equilibrated samples (b). All data were measured on 
samples with particle sizes between 0.5 and 1.0 mm.  
5.4.6. Gas-In-Place considerations 
The data and experimental procedures presented in this paper provide the basis 
for (indirect) estimations of Gas-In-Place (GIP). The coalbed methane industry has 
traditionally relied on canister desorption tests on freshly drilled core samples as a 
“direct” method for the estimation of the gas content (Diamond and Schatzel, 1998). 
However, as noted by Bustin et al. (2008), the application of the desorption methods 
developed for coals to shale reservoirs is anything but trivial. The indirect methods of 
laboratory sorption and porosity measurements are moreover the only source of 
information in cases where no fresh core samples or desorption data are available. The 
uncertainties in GIP estimated from laboratory data can be reduced significantly by 
(1) careful investigation of the sorption capacities and porosities for a number of 
representative samples and a range of experimental conditions; and (2) by the 
knowledge of the in-situ conditions. Regarding the first aspect, our results show that 
the sorption capacities for a wide range of pressures and temperatures can be 
adequately represented with the Langmuir-based excess sorption function. Moreover, 
the functional relationships observed between the Langmuir parameters and TOC, 
VRr and moisture content mean that these can be incorporated as parameters for 
calculations of methane sorption capacities. With respect to the moisture content, the 
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measured sorption capacities and porosities for dry shales can be regarded as 
maximum values, whereas those for moisture-equilibrated samples (97 % RH) 
constitute minimum values. It should be noted, however, that sorption behavior in 
moist shales at high temperatures has not been studied yet, as this poses some 
technical challenges. The aspect of the in-situ conditions is the most uncertain. For 
example, little is known about the in-situ moisture content, its variation within a shale 
reservoir or the mechanisms of de-watering processes in relation to diagenesis and 
thermal maturation in organic-rich shales.  
An important consideration with respect to sorption and porosity measurements 
on cuttings is that these may not be representative of intact shale under in-situ 
effective stress conditions. The poro-elastic properties of different shales will vary 
depending on TOC, mineralogy, rock fabric, burial history, etc. The porosities and 
sorption capacities may show different degrees of dependence on the effective stress. 
Moreover, the intact rock fabric may exhibit restricted pore accessibility in 
comparison to cuttings. These aspects should be considered in future work. The 
measurements of sorption and porosity under controlled stress conditions also require 
sophisticated instrumentation and advanced conceptual and experimental methods.  
5.5.  CONCLUSIONS 
Methane sorption isotherms were measured on organic-rich shales that include 
some important target formations for shale gas exploration in Europe as well as some 
established gas shales in the US. The aim of this study was to investigate the effect of 
organic matter richness, maturity, mineralogy, temperature and moisture on the 
sorption capacity. The main conclusions can be summarized as follows: 
 The primary controlling factor for the sorption capacity of the studied samples 
is the TOC content. Sorption capacities follow a linear trend with TOC 
although significant deviations from this trend are observed for individual 
samples. 
 An enhancement of TOC-normalized sorption capacity was observed with 
increasing thermal maturity (measured as Vitrinite Reflectance, VRr) up to 
some value of VRr. However, this trend reversed at very high maturities (> 
2.5% VRr). 
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 The TOC-normalized sorption capacities (in general, and at equal maturities) 
show no correlation with the total clay content or individual clay minerals in 
this dataset.  
 Moisture content has a detrimental effect on the methane sorption capacity of 
gas shales (competitive sorption of gas and water molecules). Sorption 
capacities of samples moisture-equilibrated at 97% were 40 – 60% of those for 
dry samples. No change in sorption capacity was observed between 97% and 
75% RH moisturization levels. 
 Presence of moisture has also a dramatic impact on the kinetics of methane 
sorption. While the methane uptake in dry shales is relatively rapid 
(equilibration times 0.5 to 1 h) the equilibration times for moist shales are on 
the order of days (10 – 50 h). 
 Representative fits of excess sorption isotherms were obtained using a 3-
parameter Langmuir-based excess sorption function. The sorption isotherms at 
different temperatures can be adequately represented assuming constant 
Langmuir sorption capacity (nL) and sorbed phase density (ρads) and 
temperature-dependent Langmuir pressure (pL). 
 The shape of the excess isotherms varies as a function thermal maturity and 
temperature. The Langmuir pressure decreases with increasing maturity and 
decreasing temperature. 
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6. CONCLUDING REMARKS AND OUTLOOK 
In this thesis, an extensive dataset on high-pressure high-temperature sorption of 
methane on various carbonaceous shales from Europe has been documented and 
discussed. In addition to the conclusions presented at the end of each of the previous 
chapters a few other important observations were made which deserve attention and 
are shortly outlined below. At the end of this chapter some suggestions for future 
research are given. 
6.1. PREDICTING THE GAS STORAGE CAPACITY OF SHALE GAS 
PLAYS. AN EXAMPLE OF ALUM SHALE    
Between 2009 and 2010 Shell performed an exploration study in Southern 
Sweden (Skåne region) to assess the shale gas potential of the Cambrian/Ordovician 
Alum shale (Pool et al., 2012). In addition to the surface exploration program three 
wells were drilled up to depths of 800 – 900 m. Canister desorption tests on core 
samples were performed and it was found that the total average gas content was 30 
scf/t (0.8 STP m³/t or ~ 0.04 mmol/g), of which 80 % came out only after crushing 
(Pool et al., 2012). The company eventually stopped all exploration activities in that 
region stating that it has limited potential for commercially viable play due to low gas 
content. It was further stated that this was due to high water saturation (~ 80 %) levels 
encountered in the core samples. In this context, the following example demonstrates 
the applicability of the experimental sorption data in this thesis as a simple predictive 
tool for gas storage capacity versus depth. The results are compared to the gas content 
reported by Pool et al. (2012).   
6.1.1. Gas storage capacity of the Alum shale as a function of depth 
Based on the measured sorption data for Alum shale (from Bornholm, Denmark, 
see chapter 5.2.1.2) in this thesis, the storage capacity can be expressed as a function 
of depth (increasing pressure and temperature).  The storage capacity includes the 
capacity due to the free and the sorbed gas. The free gas content is calculated 
assuming a certain value for porosity and bulk density. In this case these were 5% and 
2420 kg/m³ (~ average value of bulk density of Alum shale in this study). The excess 
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sorbed gas capacity is calculated from the temperature dependency of excess sorption 
capacity for dry and moisture-equilibrated samples (chapters 2, 3 and 5). Two 
scenarios are assumed: (a) the reservoir rock is completely dry (water saturation = 
0%) and (b) the water saturation is 80 % (as in Pool et al., 2012). The cases (a) and (b) 
may be considered as end members of the moisture-state for shale gas plays. The 
temperature and pressure as a function of depth are calculated based on “normal” 
geothermal and hydrostatic pressure gradients (0.03 K/m and 0.01 MPa/m, 
respectively). Further, it is assumed that porosity, bulk density and water saturation 
are independent of depth and the gas is pure methane. 
The calculated change in methane storage capacity with depth is shown in Figure 
6.1 for the case of 0 % (blue shaded area) and 80 % (green shaded area) water 
saturation. The shaded areas correspond to the range of measured sorption capacities 
of different Alum samples (in total 7 measurements on dry samples with 4.4 – 9.0 % 
TOC and 2 measurements on moisture-equilibrated samples with 5.2 and 5.7 % 
TOC). For comparison, the average gas content from canister desorption tests 
reported in Pool et al. (2012) is also shown (black cross). Figure 6.1 shows clearly 
the strong reducing effect of water on the sorption and total storage capacity. It also 
shows that the calculated sorption capacity at 80 % water saturation is close to but 
somewhat higher than the gas content reported by Pool et al. It would thus suggest 
that the reservoir is under-saturated with respect to its storage capacity (as observed 
by Pool et al.).  
While the data plotted in the Figure 6.1 should be regarded only as an illustrative 
example, more reliable estimates of storage capacity and Gas-In-Place (GIP) are 
possible with further refinement of the controlling parameters and additional 
experimental data. Hence, in order to decrease the “geological risk” in predictions of 
GIP an integrated approach based on “dynamic” considerations will be necessary (i.e. 
by taking into account the hydrocarbon generation and expulsion efficiency, pore 
pressure evolution, dewatering processes as well as changes in storage capacity due to 
burial and uplift in the course of burial history). Considering the sorption processes 
only, a quantitative relationship between the sorption capacity and moisture content 
should be established by measuring the sorption capacity at a range of moisture 
contents. More challenging, however, would be to develop conceptual and 
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mathematical models to predict the in-situ moisture contents. Almost no attention has 
been given to this particular issue in the literature so far, probably reflecting the 
complexity of the problem. In addition, the change of porosity and sorption capacity 
under different effective stress conditions would have to be also considered.      
 
Figure 6.1 Methane excess sorption and total storage capacity as a function of depth 
calculated based on the excess sorption data for Alum shale reported in this thesis. 
The blue and green shaded areas correspond to the scenario of completely dry 
reservoir and reservoir with 80 % water saturation, respectively. The average gas 
content reported in Pool et al. (2012) for Alum shale in S. Sweden is also shown for 
comparison (black cross).   
6.2. DEPENDENCE OF SORPTION CAPACITY ON PARTICLE SIZE: 
PORE INTER-CONNECTIVITY/ACCESSIBILITY ISSUES 
Sorption measurements are commonly performed on powdered samples. This is 
convenient as the measurements can be performed within shorter times due to faster 
gas uptake by powder samples as compared to intact samples or cuttings. However, 
the milling process can artificially increase the internal surface area of the sample and 
provide access to otherwise isolated pores (in intact samples). While this issue has not 
been studied systematically in this thesis, for three samples the excess sorption 
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isotherms were performed on different particle size fractions. This is shown in Figure 
6.2 for one Posidonia sample (Haddessen) and two Alum samples (Skelbro#2). 
Excess sorption isotherms were measured on powder and 0.5 –1.0 mm cuttings (and 
on 1 – 4 mm for one Alum sample). The powder samples were prepared by milling in 
a laboratory disc mill with milling time of 1 min. The estimated average particle size 
of the powder samples is < 80 µm. It was observed that for 2 out of 3 tested samples 
the measured excess sorption capacities of the powder samples were by up to 20 % 
higher compared to the 0.5 – 1.0 mm samples (Figure 6.2 left and middle). This was 
not the case for the third sample for which no difference in measured excess sorption 
capacity was observed between different particle sizes (Figure 6.2 right).   
 
Figure 6.2 Influence of particle size on the methane sorption capacity observed in 
three different high-maturity samples. A significant (up to 20 %) and reproducible 
increase in sorption capacity for the powder sample (< 80 µm) relative to the 0.5 -
1.0 mm cuttings was observed for two samples (left and middle), while no change with 
particle size was observed for the third sample. 
The higher sorption capacity of the powder samples compared to cuttings 
observed for two samples indicates that some of the sorption sites are not accessible in 
the cuttings samples. On the other hand there seems to be a good inter-connectivity of 
the pores in the third sample which showed no difference in sorption capacity 
between three different particle sizes. Further supporting evidence that the observed 
differences in sorption capacity for different particle size are related to pore inter-
connectivity/accessibility can be implied from microscopic images of polished 
sections prepared for petrographic analysis. Figures 6.3 and 6.4 show microscopic 
images of Alum_Skelbro#2-2 (no polished section was available for the 
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Alum_Skelbro#2-1 sample) and Alum_Skelbro#2-5 sample. By applying a selective 
filtration of gray tones corresponding to the organic matter (mostly pyrobitumen) to 
the original images the fabric of the organic matter could be visualized alone (black 
color in Figures 6.3 and 6.4). The qualitative effects were not affected by the image 
manipulation. 
What the Figures 6.3 and 6.4 show is that there are characteristic differences in 
the distribution and texture of the organic matter (OM) on the micrometer scale. In 
Figure 6.3 the OM appears in form of disseminated particles of various sizes with 
little interconnection between the individual particles. On the other hand, the OM in 
Figure 6.4 shows a pervasive interconnected texture on the micrometer scale. The 
well interconnected pore network of this sample very likely explains why no 
differences in sorption capacity at different particle sizes were observed for this 
sample. These observations have important implications for the laboratory practice of 
sorption measurements with respect to sample preparation. It should be addressed in a 
more systematic study in the future work. Moreover, additional analyses should be 
carried out to see if any fractionation processes (e.g. enrichment or depletion of 
organic matter or clay minerals) might take place in the process of isolating individual 
particle size fractions.    
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Figure 6.3 Distribution and texture of the organic matter (black) observed in the 
Alum_Skelbro#2-2 sample under petrographic microscope. Filtering was applied to 
the original image to visualize the organic matter (OM) alone. Note that the OM is 
present mainly as isolated disseminated particles of various sizes.  
 
Figure 6.4 Distribution and texture of the organic matter (black) observed in the 
Alum_Skelbro#2-5 sample under petrographic microscope. Filtering was applied to 
the original image to visualize the organic matter (OM) alone. Note the pervasive and 
interconnected texture of the OM.  
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6.3. SUGGESTIONS FOR FUTURE WORK 
While the results and conclusions from this study represent a valuable input for 
our understanding of gas storage mechanisms in black shales they are far from being 
exhaustive. The volume of published sorption data for shales up to date is still very 
limited. Work should be continued to include more samples, wider range of 
experimental conditions (moisture) as well as other gases (CO2, C2H6). Also, several 
important aspects of high-pressure sorption were not dealt with at all (or only 
marginally) due to a limited scope of this thesis. Following are some 
recommendations for future research work.  
6.3.1. Relationship between moisture and sorption capacity 
While a considerable number of samples were analyzed in this study, only a few 
measurements were performed on moist shales. Expanding upon the concepts outlined 
in chapter 3, more measurements should be performed for a range of different 
moisture contents. Ideally, the sorption measurements on moist samples should be 
treated as mixed-gas sorption, or at least, the distribution of water molecules between 
the sorbed and the free (water vapor) phase should be accounted for quantitatively. It 
would be also interesting to increase the temperature range for the sorption 
measurements on moist samples (> 373 K). This, however, poses some technical 
difficulties and will require special design of the sorption apparatus.  
6.3.2. Sorption kinetics 
The study of sorption kinetics is not addressed in this work except for noting that 
there are significant differences in methane uptake rates between dry and moisture-
equilibrated state for a single sample and between different moisture-equilibrated 
samples (section 5.4.5). Quantitative understanding of sorption kinetics is crucial for 
studying transport processes in shale gas reservoirs and for developing numerical 
models for production simulation. Effective diffusion coefficients can be obtained 
from the pressure decay rates measured during the equilibration steps in sorption 
experiment and using models based on Fickian diffusion (unipore or bidispersed) or 
some empirical kinetic-rate functions. The role of moisture in controlling the sorption 
kinetics is particularly interesting and should be addressed in the future research on 
sorption kinetic by measuring sorption kinetics for a range of moisture contents. Also, 
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being a process controlled by thermally activated diffusion process (as shown in 
Figure 6.5) the study of sorption kinetics should include experiments at different 
temperatures representative of in-situ reservoir conditions.  
 
Figure 6.5 Fractional uptake of methane during the first equilibration step in the 
HPHT sorption experiment at different temperatures (sample: Alum_Skelbro#2-18, 
dry). Note the temperature difference in the uptake rates indicative of a thermally 
activated diffusion process. 
6.3.3. Other gases than methane (CO2, C2H6, …) 
Although the sorption data in this work are limited to methane, other gases (C2H6, 
CO2) are of interest with respect to sorption processes in carbonaceous shales. The 
interest in CO2 sorption is of particular importance for assessing their suitability for 
CO2 sequestration and enhanced natural gas production, similar to concepts originally 
developed for coal (Enhanced Coalbed Methane, ECBM). In 2005 the Kentucky 
Geological Survey has performed a study on CO2 sorption in Devonian shales 
concluding they are viable candidates for geological storage of CO2 and enhanced 
natural gas production (Kentucky Geological Survey, 2005). They reported sorption 
capacities for CO2 by up to a factor of 5 higher than for CH4. This is partly a 
reflection of different molecular interaction forces (high quadrupole moment for CO2 
versus non-polar CH4) and partly due to closer proximity of CO2 to the critical point. 
Figure 6.5 shows an example of excess sorption isotherms for CH4, C2H6 and CO2 on 
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Namurian shale from an ongoing international round robin study on sorption 
measurements on carbonaceous shales. It follows previous studies on activated carbon 
and coal (Gensterblum et al. 2009, 2010) and aims at improving the inter-laboratory 
reproducibility and accuracy of sorption measurements on low-sorbing shales. The 
accuracy of the CO2 and C2H6 sorption isotherms should be further improved by 
following the approach described in Chapter 2. A detailed study of the potential for 
CO2 storage and enhanced methane production would also have to involve 
experiments to study preferential sorption with gas mixtures. 
      
 
Figure 6.6 Comparison of CH4, C2H6 and CO2 excess sorption isotherms plotted as a 
function of gas density on an organic-rich shale.  
6.3.4. Sorption measurements under effective stress 
Some of the issues related to gas sorption / total storage capacity of coal and 
shales have received only very little attention up to now. One of them is the 
measurement of sorption capacity on intact samples (plugs) under controlled stress 
conditions. Such information is crucial for assessing the applicability of laboratory 
sorption data measured on cuttings to reservoir conditions. In a study by Pone et al. 
(2009) on coal samples it was observed that an application of 14 MPa confining stress 
reduced the sorption capacity for CO2 and CH4 by 64 % and 91 %, respectively. 
These results are rather striking as they suggest that almost all of the methane sorption 
capacity is lost under confining pressure of 14 MPa. However, the authors do not 
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detail the evaluation procedure of the excess sorption, especially the change in void 
volume with applied confining stress. This kind of measurements requires elaborate 
experimental design and careful calibration of the apparatus. For this purpose a 
triaxial or hydrostatic cell could be used, equipped with strain measurement gauges, to 
measure stress-dependent sorption on intact samples. The apparatus could be 
calibrated in a similar manner as described in chapter 2 of this thesis to measure the 
“non-sorption” case by blank expansion tests using, for example, hollow steel 
cylinders (as a reference non-sorbing material). Blank tests with cylinders having 
different inner diameters (at least two) representing different “solid volumes” could 
be performed and the non-sorption cases calculated by interpolation and measurement 
of the sample’s solid volume by helium expansion. In addition, cylinders with slightly 
different “total” volumes (different length) but with the same “solid volume” 
(different inner diameter) could be used to define the non-sorption case as a function 
of volumetric strain. The apparatus will also enable measurement of pore volume 
compressibility and porosity as a function of stress (using helium).         
6.3.5. Implementation of sorption data into numerical simulation 
programs  
Finally, it should be mentioned that on the implementation level the sorption 
modules used in numerical modeling packages should be based on excess sorption 
functions (e.g. the Langmuir-based excess sorption function used in this thesis) and 
the use of absolute sorption should be abandoned as it is not an unambiguously 
defined quantity. Also the concept of excess sorption is not widely understood outside 
of the specialists circle. For instance, Ambrose et al. (2010) suggested that volumetric 
correction be done for free gas calculations to account for the volume of the adsorbed 
molecules. While it is certainly true that the volume of the adsorbed molecules 
effectively reduces the void volume available to the free gas phase, by sticking to the 
usage of excess sorption in the first place, no volumetric corrections for the free gas 
phase are necessary by definition. 
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APPENDIX A: HELIUM DENSITY MEASUREMENTS 
In the course of this study a helium pycnometer was constructed for routine 
measurements of skeletal (helium) density on rock cuttings / plug samples. In 
combination with bulk density measurements using Archimedes principle or precision 
calipers (on plug samples) it allows rapid screening of porosity on a large number of 
samples. It was constructed as triple setup (“pycno_1”, “pycno_2” and “pycno_3”,) 
for measurements on three samples simultaneously. A schematic diagram of a single 
setup is shown in Figure A.1. A high-precision pressure transmitter (type PAA-33X, 
10 bar) purchased for Keller GmbH connected to the reference cell was used for 
pressure readings. For pycno_2 and pycno_3 a high-precision RTD thermometer (Pt-
100) was installed into the reference cell to allow direct temperature measurements. In 
the first prototype (pycno_1) the temperature sensor was installed outside of the 
sample cell. The size of the reference and sample cells is ~ 6 – 7 cm³ and ~ 60 cm³, 
respectively. The volumes were calibrated using Micromeritics precission ball with 
certitifed reference volume. 
 
Figure A.1 Schematic diagram of the helium pycnometer. 
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TEMPERATURE CONTROL  
The precision of the helium density/volume measurement is improved by better 
temperature stability of the reference and sample cells. Figure A.2 shows that the 
random measurement error follows the temperature trend in the reference cell 
(pycno_2 and pycno_3). A thermostatic oven with cooling function (Binder, KB 
series) was used to keep the temperature constant and close to room temperature. It 
was found out later that the room temperature stability was sufficiently good and it 
was better to switch off the thermostat of the Binder oven (Figure A.3). Initially, the 
measurements were performed at a temperature of ~ 35°C for improved temperature 
control. However, the better temperature stability was compromised by a slow 
thermal equilibration process of solid parts (calibration SS cylinders or sample) in the 
sample cell, especially at low pressures (vacuum). In the experiment an apparent 
change in void volume was observed with increasing pressure (increasing time).    
 
 
Figure A.2 Deviation of the measured volume from the reference volume 
(Micromeritics precision ball, V20°C = 16.759099 cm³) plotted against the pressure in 
the sample cell. Temperature readings are plotted in red.  
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Figure A.3 Temperature stability in the Binder oven at ~ 22°C with thermostat turned 
on versus thermostat turned off. 
CALCULATION OF THE VOID VOLUME 
When the measurement of helium density is carried out in successive steps of 
helium expansion through the reference cell (volume Vrc) into the sample cell (volume 
Vsc = Vsample + Vvoid), the calculated standard deviation of the measurement depends on 
how the volume is calculated. First, the void volume for individual data points can be 
calculated in a “differential” (though not in a mathematical sense) manner expressed 
by the equation: 
𝑉𝑣𝑜𝑖𝑑
𝑗 = 𝑉𝑟𝑐
(𝜌𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑗
−𝜌𝑓𝑖𝑛𝑎𝑙
𝑗
)
(𝜌
𝑓𝑖𝑛𝑎𝑙
𝑗
−𝜌
𝑓𝑖𝑛𝑎𝑙
𝑗−1
)
     (A.1) 
where 𝜌𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑗
 is the initial helium density in the reference cell, 𝜌𝑓𝑖𝑛𝑎𝑙
𝑗
 is the helium 
density after the expansion into the sample cell and 𝜌𝑓𝑖𝑛𝑎𝑙
𝑗−1
 the value from the previous 
step. The densities are calculated from the measured p,T data using the GERG 2004 
EOS.  
Alternatively, Vvoid for each data point can be calculated in “cumulative” manner 
by:     
𝑉𝑣𝑜𝑖𝑑
𝑗 = 𝑉𝑟𝑐
∑ (𝜌𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑗
−𝜌𝑓𝑖𝑛𝑎𝑙
𝑗
)𝑁𝑗=1
(𝜌
𝑓𝑖𝑛𝑎𝑙
𝑗
−𝜌0)
     (A.2) 
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where 𝜌0 is the initial density corresponding to the starting pressure (atmospheric or 
“vacuum value”).  
An example of measured skeletal density of a shale sample calculated by Eq. A.1 
and A.2 is shown in Figure A.4. Notice the scatter in the data points and its rapid 
increase with pressure (as it approaches the max. injection pressure in the reference 
cell, ~ 8 bar) for the “differential” calculation.  This is due to a low contrast with 
increasing pressure between 𝜌𝑓𝑖𝑛𝑎𝑙
𝑗
 and 𝜌𝑓𝑖𝑛𝑎𝑙
𝑗−1
 leading to a low signal-to-noise (S/N) 
ratio. On the other hand the data points calculated in a cumulative manner show 
considerably less scatter and as they not affected by low S/N ratio and high sensitivity 
to random measurement errors in p and T with increasing pressure.  
 
 
Figure A.4 He-density values versus pressure calculated from successive expansions 
into the sample using the “differential” and the “cumulative” mass balance equation. 
 
HELIUM DENSITY MEASUREMENTS ON MOIST SAMPLES 
The measured helium density data should always be reported together with the 
information about the moisture state or moisture content of the sample. A commonly 
used “dry” reference state, which is also adopted in this study, is drying at 110°C in a 
vacuum oven until weight constancy. If measurements are done on “as-received” 
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samples, or on samples “dried” at some lower temperature, the moisture content of 
this state should also be determined with respect to some reference dry state (e.g. 
drying at 110°C) and reported. The relationship between the skeletal density of “dry” 
(𝜌𝑑𝑟𝑦
𝑟𝑜𝑐𝑘) and moist (𝜌𝑚𝑜𝑖𝑠𝑡
𝑟𝑜𝑐𝑘 ) rock can be expressed as a function of moisture content 
(m.c.) and density of water (𝜌𝑤):   
  𝜌𝑚𝑜𝑖𝑠𝑡
𝑟𝑜𝑐𝑘 =
𝜌𝑑𝑟𝑦
𝑟𝑜𝑐𝑘𝜌𝑤
𝜌𝑑𝑟𝑦
𝑟𝑜𝑐𝑘(
𝑚.𝑐.
100
)+𝜌𝑤(1−
𝑚.𝑐.
100
)
     (A.3) 
where m.c. is in wt. % normalized to the weight of the moist sample. For 𝜌𝑤 a value 
of liquid water density (1.0 cm³/g) is commonly assumed. Figure A.5 shows helium 
density measured on moisture-equilibrated and dried (at 110°C) Alum sample as a 
function of moisture content. It also shows that either of the assumptions (or both) of 
m.c. = 0 for the “dry” sample and 𝜌𝑤 = 1.0 𝑔/𝑐𝑚³ for water density may not hold. 
For microporous materials the density of sorbed water may be different from the 
density of a “free liquid”.     
 
Figure A.5 Helium density measured on “dry” (vacuum drying at 110°C) and 
moisture-equilibrated (at 97 % rel. humidity) Alum_Skelbro#2-1 sample. The solid 
lines represent the calculated helium density as a function of moisture content (m.c.) 
assuming m.c. = 0% for the “dry” sample and different values for water density (𝜌𝑤). 
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MEASUREMENTS ON PLUG SAMPLES 
When helium pycnometry measurements are performed on “intact” plug samples 
several things need to be considered in order to obtain reliable results. Firstly, the 
sample cell needs to be sufficiently purged with helium as gas imputities (e.g. air 
trapped in the sample) will affect the accuracy. In this study this was achieved by 
several cycles of purging with helium and subsequent evacuation. Then, the 
operational design of the pycnometer (whether commercial or custom) should allow 
independent control of the equilibration times. Upon helium expansion into the 
sample cell the necessary minimum equilibration time should be determined from 
monitoring the pressure equilibration. Due to very low permeability of shales the 
equilibration times for plugs can be as high as > 10 h. Hence, the results from rapid 
measurements often encountered with commercial pycnometers can be in large error. 
Figure A.6a shows the effect of the equilibration time on the final calculated porosity 
value for a shale plug sample. In this experiment the equilibration time was set at ~ 
500 min (> 8 h). Figure A.6a shows that cutting down the equilibrium times < 30 min 
(which was often the case when measurements were performed on commercial 
pycnometers) leads to an apparent porosity value being almost half of the actual 
value. 
Another observation from the measurements on plugs is that the sample can 
undergo elastic compaction with increasing pressure in the sample cell. This is shown 
in Figure A.6b where measured porosity (same sample as in Figure A.6 a) is plotted 
against sample cell pressure. It shows an initial decrease of porosity with increasing 
pressure until it stabilized at ~ 4 bar. In this experiment the helium expansion was 
performed from reference cell into the sample cell (RC > SC) as well as vice versa 
(SC > RC) and the trend was found to be reversible. This might be an indication of the 
presence of microfractures that are easily closed at relatively low external pressures. 
The access of gas to some pores can thus be lost at increased pressure. This is also 
suggested by the reversible nature of the observed trend (elastic deformation). While 
this is commonly observed in tests on confined samples under externat stress it was 
not expected to occur at such low pressures (< 10 bar).     
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Figure A.6 Helium pycnometer measurements of porosity on plugs. (a) shows the 
effect of equilibration time on the final measured porosity. The final equilibration 
time for this sample was > 8 h. In (b) the change in porosity with sample cell pressure 
is shown for the same sample as in (a). Helium expansions were performed from 
reference cell into the sample cell (RC > SC) and vice versa (SC > RC) and show that 
the trend is reversible. The trend in interpreted as an elastic compression of the plug 
sample (closing of microfractures) under hydrostatic pressure.    
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APPENDIX B: REPRODUCIBILITY OF EXCESS SORPTION ISOTHERMS 
REPRODUCIBILITY ON A SINGLE SETUP AND BETWEEN DIFFERENT 
SETUPS 
The reproducibility in the measurement of excess sorption isotherms for a single 
setup was tested by repeated consecutive measurements on dry shale samples. This is 
shown in Figure A.7 for two samples measured on a HP (single heating zone) and a 
HPHT (two heating zones) setup. The isotherms are very well reproducible on a 
single setup.  
Next, the reproducibility was tested between the different setups (Table A.1) used 
in the laboratory on a single sample. This intra-laboratory consistency tests revealed 
some discrepancies (Figure A.8), initially. Blank tests were performed on each setup 
(as described in chapter 2) and the final isotherms corrected for these blank isotherms 
improved substantially the reproducibility between the different setups (Figure A.9).   
 
Figure A.7 Reproducibility of methane excess sorption isotherms on a single (a) HP 
and (b) HPHT setup for Alum#1 and Namurian sample, repectively. The HPHT setup 
operates at two different temperatures. The temperature of the reference cell was 
38°C. 
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Table A.1 Different sorption setups used in the intra-
laboratory consistency test. 
Set-up VRC/VSC [cm³/cm³] 
No. heating 
zones 
Delta 1 (HP setup) 1.386 / 10.77 1 
Delta 2 (HP setup) 1.486 / 10.61 1 
Epsilon 2 (HPHT setup) 7.320 / 51.55 2 
 
 
 
Figure A.8 Initial results of intra-laboratory reproducibility tests of methane excess sorption 
isotherms on organic-rich shale measured 38°C and 65°C on two conventional (HP) setups 
with single heating zone and one HPHT setup with two heating zones. 
 
Figure A.9 Same results as in Figure A.8 but corrected for blank measurements. 
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APPENDIX C: CONSISTENCY OF THE “MULTI-T” METHOD 
CONSISTENCY TEST FOR THE “MULTI-T” METHOD 
In order to test the “multi-T” method (chapter 3) for consistency comparison 
measurements were performed over a wide range of temperatures on a dry sample 
using the HPHT setup. The test consisted of performing one set of measurements 
where isotherms at 38°C, 65°C, 100°C and 150°C were measured successively as 
described in chapter 2. Then, the measurement was repeated in the multi-T mode 
(chapter 3), whereby all four isotherms were measured simultaneously in one run. 
Void volume measurements by helium expansion were subject to the same measuring 
program (in consecutive and multi-T mode). Because the measurements were 
performed on dry sample it is to be expected that both methods yield the same results. 
Moreover, as the pressure transmitter in the HPHT setup is kept at the constant 
temperature of 38°C (and within the temperature range for optimal performance, 10 – 
40°C), the pressure measurements are consistent irrespective of the temperature of the 
sample cell. The temperature program and corresponding pressure change during the 
first three injections steps is shown in Figure A.10. 
The comparison between the measurements of void volume and methane excess 
sorption with “consecutive” and “multi-T” method are shown in Figure A.11 and 
Figure A.12, respectively. It demonstrates that the measurement and calculation of 
sorption with multi-T method gives identical results to conventional measurements.  
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Figure A.10 Temperature program and corresponding pressure data for the first 
three injections during the multi-T measurement on dry shale sample for consistency 
test. The test was performed on the HPHT setup. The temperature of the reference cell 
was kept constantly at 38°C during the whole experiment. 
 
Figure A.11 Comparison of the measured void volume (Vvoid) as a function of 
temperature for the “consecutive” and the “multi-T” method. The error bars 
represent the standard deviations from the mean value of Vvoid which was measured at 
a range of pressures for each temperature. 
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Figure A.12 Comparison of HPHT methane isotherms measured in “consecutive” 
(full circles) and “multi-T” (crosses) mode. 
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APPENDIX D: DETERMINATION OF THE TEMPERATURE GRADIENT AND 
THE THERMAL EXPANSION OF THE SAMPLE CELL 
The temperature gradient and the thermal expansion of the sample cell are 
determined simultaneously in a “temperature calibration” experiment. The helium 
expansion data with the SS cylinder covering a wide range of temperatures (311 – 423 
K) and in pressure range of 0 – 10 MPa are evaluated using the following mass 
balance equation. The left hand side (LHS) of Eq. A.4 designates the cumulative 
amount of helium transferred successively through the reference cell into the sample 
cell: 
 
𝐿𝐻𝑆 = 𝑉𝑟𝑐
𝑇𝑟𝑒𝑓 ∑ (𝜌𝑟𝑐,𝑖
𝐻𝑒,𝑇𝑟𝑒𝑓 − 𝜌𝑟𝑐,𝑓
𝐻𝑒,𝑇𝑟𝑒𝑓)𝑁𝑘=1   (A.4) 
 
and must be equal to the term on the right hand side (RHS) denoting the amount of 
gas occupying the void volume at each temperature of the sample cell: 
 
𝑅𝐻𝑆 = 𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓 [𝜌
𝑟𝑐,𝑓
𝐻𝑒,𝑇𝑟𝑒𝑓 − 𝜌𝑠𝑐
𝐻𝑒,𝑇𝛽𝑣𝑜𝑖𝑑(𝑇 − 𝑇𝑟𝑒𝑓)] + [𝑉𝑠𝑐,𝑡
𝑇𝑟𝑒𝑓 (1 + 𝛽𝑣𝑜𝑖𝑑(𝑇 − 𝑇𝑟𝑒𝑓)) − 𝑉𝑟𝑒𝑓
𝑇𝑟𝑒𝑓 (1 +
𝛽𝑟𝑒𝑓(𝑇 − 𝑇𝑟𝑒𝑓))] 𝜌𝑠𝑐
𝐻𝑒,𝑇     (A.5) 
 
where 𝑉𝑠𝑐,𝑡 = 𝑉𝑠𝑐,1 + 𝑉𝑠𝑐,2. The volume 𝑉𝑠𝑐,2 is the portion of the sample cell volume 
that is affected by the thermal expansion when 𝑇 ≠ 𝑇𝑟𝑒𝑓. 𝑉𝑟𝑒𝑓
𝑇𝑟𝑒𝑓
 and 𝛽𝑟𝑒𝑓 denote the 
volume (at the reference temperature) and the volumetric thermal expansion 
coefficient of the reference sample (SS cylinder). The unknown variables 𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓
 and 
𝛽𝑣𝑜𝑖𝑑 are obtained by a weighted least-square minimization of the residuals of LHS - 
RHS. The weights are proportional to the ratio 𝑇𝑠𝑐 𝑇𝑟𝑐⁄  in order to account for a 
decreased sensitivity when the difference between 𝑇𝑠𝑐 and 𝑇𝑟𝑐 is smaller. The linear 
(α) and the volumetric (β = 3α) coefficient of thermal expansion of stainless steel 
(type 304) is 17.3 ppm /K and 51.9 ppm/K, respectively.       
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APPENDIX D: Determination of the temperature gradient and the thermal 
expansion of the sample cell 
Since the measured 𝛽𝑣𝑜𝑖𝑑 parameter corresponds to the net effect of the thermal 
expansion of the sample cell (𝛽𝑠𝑐) and the reference sample (𝛽𝑟𝑒𝑓), 𝛽𝑠𝑐 can be 
calculated from:     
 
𝛽𝑠𝑐 =
𝑉
𝑣𝑜𝑖𝑑
𝑇𝑟𝑒𝑓
𝛽𝑣𝑜𝑖𝑑+𝑉𝑟𝑒𝑓
𝑇𝑟𝑒𝑓
𝛽𝑟𝑒𝑓
𝑉𝑠𝑐,2
𝑇𝑟𝑒𝑓
    (A.6) 
 
The resulting values of the 𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓
, 𝛽𝑣𝑜𝑖𝑑 and 𝛽𝑠𝑐 parameters are shown in Table 
A.2. The results confirm that the volumetric thermal expansion coefficient of the 
sample cell volume experiencing high temperature is the same as that for the stainless 
steel. From the known value of 𝛽𝑠𝑐 and from the void volume change measured in the 
HPHT experiment on a shale sample (𝛽𝑣𝑜𝑖𝑑) an “apparent” thermal expansion 
coefficient (𝛽𝑎𝑝𝑝) of the shale sample can be calculated as:    
 
𝛽𝑎𝑝𝑝 =
𝑉𝑠𝑐,2
𝑇𝑟𝑒𝑓
𝛽𝑠𝑐−𝑉𝑣𝑜𝑖𝑑
𝑇𝑟𝑒𝑓
𝛽𝑣𝑜𝑖𝑑
𝑉𝑠𝑎𝑚𝑝𝑙𝑒
𝑇𝑟𝑒𝑓
    (A.7) 
Table A.2 The results of the temperature 
calibration experiment 
𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓[cm³] 0.5 
𝛽𝑟𝑒𝑓 [ppm/K] 51.9 
𝛽𝑣𝑜𝑖𝑑 [ppm/K] 51.5 
𝛽𝑠𝑐 [ppm/K] 51.6 
 
The term “apparent” is used to stress the fact that the He void volume experiment 
does not provide a direct measure of the “true” volume of the solid framework, but  
rather a measure of the total solid volume that is inaccessible to He (skeletal volume). 
Any changes in the accessibility of He to the internal pore structure with increasing 
temperature will be superimposed in the final net change of void volume with 
temperature. In Figure A.13 the apparent thermal expansion coefficients are shown 
for shales studied using the HPHT sorption in Chapter 5.  The 𝛽𝑎𝑝𝑝 is plotted against 
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the TOC and the calcite content as these are expected to have the most influence on 
𝛽𝑎𝑝𝑝 (corresponding the solid constituents of shales with the highest, respectively, the 
lowest thermal expansion). It is observed that the calcite-rich (CaCO3) shales have 
small or even negative 𝛽𝑎𝑝𝑝. While the calcite is known to have a negative linear 
thermal expansion coefficient along one of its crystallographic axes (Markgraf and 
Reeder, 1985), the negative 𝛽𝑎𝑝𝑝 of the calcite-rich samples is most likely indicative 
of an increased accessibility of He to the internal pore structure of the solid 
framework with temperature, rather than of thermal volume shrinkage.    
 
Figure A.13. Apparent volumetric thermal expansion coefficients determined from 
HPHT helium void volume data for shales studied in Gasparik et al. (2013a). The 
data are plotted against the total organic carbon (TOC) and the calcite content, 
representing the shale constituents at the high end, respectively the low end of 
thermal expansion coefficients. The thermal expansion of the sample cell determined 
by the temperature calibration is plotted at x=0, y=0. The negative apparent thermal 
expansion coefficients of the calcite-rich shales are believed to result from 
temperature-driven changes in pore volume accessibility to He. (*Data from Fei, 
1995). 
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APPENDIX E: UNCERTAINTY ANALYSIS OF HP/HT-SORPTION 
MEASUREMENT USING A MANOMETRIC METHOD 
SENSITIVITY OF GAS DENSITY TO PRESSURE AND TEMPERATURE 
The manometric method of sorption measurement relies on the measurement of 
pressure and temperature. In the mass balance approach presented in this work, gas 
densities are used which are calculated from the p,T data using the equation of state 
(EoS) for CH4 of Setzmann and Wagner (1991). Based on the Setzmann and Wagner 
EoS the sensitivity of the CH4 density to p and T was evaluated over the studied range 
of pressures and temperatures. The Figure A.14 shows the uncertainty magnification 
factors (UMF) and the uncertainty percentage contributions (UPC) (Coleman and 
Steele, 2009, p.88) for pressure and temperature. The uncertainties are magnified 
when the absolute values of UMF are > 1. Moreover, due to the opposite signs of the 
first order partial derivatives of density with respect to p and T, the overall uncertainty 
in the density will be reduced if the uncertainties in U(p) and U(T) are strongly and 
positively correlated. This will be the case for the random uncertainties due to 
temperature fluctuations and the degree of correlation between U(p) and U(T) will be 
maximum when the temperature sensors are installed inside the RC and SC. The UPC 
shows the relative contributions of p and T to the overall uncertainty in the density for 
specific U(p) and U(T) in the absence of any correlation between them (this will be 
the case for the unknown systematic errors in p and T). In Figure A.14 the values of 
U(p) and U(T) were used which correspond to the accuracy specified by the vendor of 
the pressure and the temperature sensor (0.003 MPa and 0.1 K, respectively). The 
results indicate that for given U(p) and U(T) the uncertainties in pressure are more 
important in the range 0 – 10 MPa, whereas above ~ 10 MPa the uncertainties in 
temperature contribute more to the overall uncertainty in the CH4 density.  
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Figure A.14. Normalized sensitivities of the CH4 density to temperature (T) and 
pressure (p). The Uncertainty Magnification Factors (UMF) for p and T are as in 
Figure 4 (left). The Uncertainty Percentage Contribution (UPC) (Coleman and 
Steele, 2009, p.88) factors were calculated for specified uncertainties in p and T 
based on the accuracy specifications of the pressure and temperature sensors. 
ANALYSIS OF THE UNCERTAINTY PROPAGATION USING MONTE 
CARLO TECHNIQUE 
The propagation of experimental uncertainties into the final result of the 
measured excess sorption was simulated using a Monte Carlo algorithm written in 
Python programming language4. The uncertainties in individual input parameters were 
sampled randomly from their parent distributions which were assumed to be normal. 
These uncertainties were introduced into the observed input data and the final excess 
sorption was calculated using the mass balance equations described in this work. The 
unknown systematic and the random uncertainties were analyzed individually due to 
their fundamentally different behavior. Hence, the systematic uncertainties, although 
sampled randomly, were fixed in individual iterations, whereas the random 
uncertainties varied with each use of the individual parameter. The sampling of the 
uncorrelated uncertainties was achieved with Latin Hypercube method in order to 
cover the entire range of the probability distribution function (PDF). The correlated 
uncertainties were sampled from joint probability distributions defined by respective 
covariance matrices using the statistics modules of Python. A total number of 3000 
                                                 
4 http://www.python.org/ 
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iteration were performed and the final distributions of the output quantity were 
evaluated statistically.   
Systematic uncertainties 
The overview of the uncertain parameters and their expected systematic 
uncertainties is given in Table A.3. The uncertainties in p, T and ms are derived from 
the product accuracy specifications of the pressure transducer, the temperature sensor 
and the analytical balance, respectively. The values correspond to the expanded 
uncertainty (95% confidence interval). The uncertainty in 𝑉𝑟𝑐
𝑇𝑟𝑒𝑓
 is a combined 
(systematic + random) uncertainty value obtained from Monte Carlo analysis of the 
volume calibration experiment (described in detail below). The uncertainty estimate 
in 𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓 represents only a best-guess as the quantification of the uncertainty in 𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓 is 
beyond the scope of this work.   
Table A.3. Uncertain parameters and corresponding expanded uncertainties for the 
analysis of the propagation of systematic uncertainties into the final excess sorption   
Uncertain parameter Value (range) & unit Expanded (k = 2) uncertainty 
𝑝 〈0 … 25〉 [𝑀𝑃𝑎] 𝑈0.95
𝑠 (𝑝) = 0.003 𝑀𝑃𝑎 
𝑇 〈311 … 423〉 [𝐾] 𝑈0.95
𝑠 (𝑇) = 0.1 𝐾 
𝑉𝑟𝑐
𝑇𝑟𝑒𝑓  7.320 [𝑐𝑚3] 𝑈0.95
𝑠+𝑟 (𝑉𝑟𝑐
𝑇𝑟𝑒𝑓) = 0.2 % 
𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓  0.5 [𝑐𝑚3] 𝑈0.95
𝑠 (𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓) = 10 % 
𝑚𝑠 57.878 [𝑔] 𝑈0.95
𝑠 (𝑚𝑠) = 0.001 𝑔 
 
Since the systematic uncertainties are fixed in individual iterations (the systematic 
error or bias in the measured variable is not expected to change spontaneously or drift 
with time), there is certain compensation due to the combination of individual 
uncertainties in the final results of the excess sorption. For example, the systematic 
errors in 𝑉𝑟𝑐
𝑇𝑟𝑒𝑓
 and 𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓
 both affect the void volume (Figure A.15). An 
overestimation of 𝑉𝑟𝑐
𝑇𝑟𝑒𝑓
, respectively an underestimation of 𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓
 will overestimate 
 168 
the total amount of gas transferred into SC, but also the amount of unadsorbed gas 
determined by the He expansion. Since the excess sortion is calculated as the 
difference between the total and the unadsorbed gas amount the uncertainties will 
cancel out to some extent.        
 
Figure A.15 Scatter plot showing the dependency of uncertainties in 𝑉𝑣𝑜𝑖𝑑 on the 
uncertainties in 𝑉𝑟𝑐
𝑇𝑟𝑒𝑓
 and 𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓
 from the propagation of the systematic 
uncertainties.  
The resulting systematic uncertainties for all isotherms are presented in Figure 
A.16. The error bars correspond to the unexpanded (k = 1) uncertainties which for 
individual points on the isotherm were summed cumulatively. The shaded area 
represents the 95% confidence interval (k = 2). The influence of individual input 
parameters on the final uncertainty in nexcess can be observed in the scatter plots in 
Figure A.17 to Figure A.20. The scatter plots are shown for the first, the middle and 
the last data point in individual isotherms. The results show that the uncertainty in 
pressure has a dominant influence on the systematic uncertainty in nexcess for the 311 
K isotherm, while for the 423 K isotherm, with increasing pressure the uncertainty in 
the 𝑉𝑠𝑐,1
𝑇𝑟𝑒𝑓
 parameter defining the position of the temperature boundary is the most 
critical.         
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Figure A.16 Results of the Monte Carlo analysis of the systematic uncertainties in the 
measured excess sorption. The error bars represent the unexpanded (one standard 
deviation, k = 1) uncertainty whereas the shaded area corresponds to the 95% 
confidence interval (k = 2). 
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Figure A.17 Scatter plots of the uncertain parameters of the first, the middle and the last point on the 311 K isotherm. 
  
171 
 
Figure A.18 Scatter plots of the uncertain parameters of the first, the middle and the last point on the 338 K isotherm 
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Figure A.19 Scatter plots of the uncertain parameters of the first, the middle and the last point on the 373 K isotherm 
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Figure A.20 Scatter plots of the uncertain parameters of the first, the middle and the last point on the 423 K isotherm 
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Random uncertainties 
The random uncertainties in the input parameters were estimated from the 
posterior statistical analysis of the blank expansion data with the non-sorbing sample. 
The initial data points during the loading of the RC and during the expansion into the 
SC were excluded due to thermal effects (e.g. Joule-Thompson effect). In order to 
capture the dependency between the individual parameters covariance matrices were 
calculated using the statistical tools of Python. Due to the existence of two 
temperature zones with different temperature regulation characteristics, separate 
covariance matrix was calculated for the loading step (C1) and the expansion step 
(C2). The dependency between the parameters is expressed by respective covariances 
(all non-diagonal elements in C1 and C2). For the Monte Carlo simulation, the 
random uncertainties were then sampled from joint distributions defined by C1 and 
C2. The elements of C1 and C2 determined from the blank expansion tests are listed 
in Table A.4.    
𝐶1 = [
𝑣𝑎𝑟(𝑝𝑟𝑐) 𝑐𝑜𝑣(𝑝𝑟𝑐 , 𝑇𝑟𝑐)
𝑐𝑜𝑣(𝑝𝑟𝑐 , 𝑇𝑟𝑐) 𝑣𝑎𝑟(𝑇𝑟𝑐)
]     (A.8) 
 
𝐶2 = [
𝑣𝑎𝑟(𝑝𝑒𝑞) 𝑐𝑜𝑣(𝑝𝑒𝑞 , 𝑇𝑠𝑐,1) 𝑐𝑜𝑣(𝑝𝑒𝑞 , 𝑇𝑠𝑐,2)
𝑐𝑜𝑣(𝑝𝑒𝑞 , 𝑇𝑠𝑐,1) 𝑣𝑎𝑟(𝑇𝑠𝑐,1) 𝑐𝑜𝑣(𝑇𝑒𝑞,1, 𝑇𝑠𝑐,2)
𝑐𝑜𝑣(𝑝𝑒𝑞 , 𝑇𝑠𝑐,2) 𝑐𝑜𝑣(𝑇𝑒𝑞,1, 𝑇𝑠𝑐,2) 𝑣𝑎𝑟(𝑇𝑠𝑐,2)
]   (A.9) 
Table A.4. The elements of the covariance matrix C1 and C2 used for the analysis of 
the random uncertainties derived from the statistical evaluation of the blank 
expansion tests. 
Temperature [K] Covariance matrix, C1 Covariance matrix, C2 
311.2 [
3.64𝑒 − 7 4.97𝑒 − 6
4.97𝑒 − 6 3.59𝑒 − 4
] [
4.69𝑒 − 8 −5.60𝑒 − 8 2.89𝑒 − 7
−5.60𝑒 − 8 5.93𝑒 − 4 −1.12𝑒 − 5
2.89𝑒 − 7 −1.12𝑒 − 5 1.04𝑒 − 5
] 
338.3 [
3.54𝑒 − 7 2.68𝑒 − 6
2.86𝑒 − 6 4.95𝑒 − 4
] [
2.38𝑒 − 8 2.76𝑒 − 7 8.92𝑒 − 8
2.76𝑒 − 7 4.48𝑒 − 4 −8.20𝑒 − 6
8.92𝑒 − 8 −8.20𝑒 − 6 1.15𝑒 − 5
] 
373.5 [
3.40𝑒 − 7 1.84𝑒 − 6
1.84𝑒 − 6 2.20𝑒 − 4
] [
2.22𝑒 − 8 6.23𝑒 − 7 4.95𝑒 − 8
6.23𝑒 − 7 3.02𝑒 − 4 1.43𝑒 − 6
4.95𝑒 − 8 1.43𝑒 − 6 1.36𝑒 − 5
] 
423.8 [
1.14𝑒 − 6 4.87𝑒 − 6
4.87𝑒 − 6 2.65𝑒 − 4
] [
1.14𝑒 − 7 2.10𝑒 − 6 −6.91𝑒 − 8
2.10𝑒 − 6 4.49𝑒 − 4 5.65𝑒 − 7
−6.91𝑒 − 8 5.65𝑒 − 7 3.20𝑒 − 5
] 
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Since for the calculation of the excess sorption a mean of the five last values of 
each of the measured variables was used, the standard deviation (√𝑣𝑎𝑟) in each 
variable was obtained from:  
𝜎𝑚𝑒𝑎𝑛 =
1
√𝑁
𝜎 (𝑁 = 5)    (A.10) 
Hence, the random uncertainty can be further reduced by increasing the number 
of data points over which the average values are calculated.  
The correlation between the observed random errors in temperature and pressure 
in this study is rather insignificant (r < 0.3). However, this is due to experimental 
design (position of the temperature sensors, Figure A.22) and the presented approach 
accounting for the dependency of the random uncertainties is demonstrated for its 
correctness. From independent tests with recently designed setup, for which the 
temperature sensors have been installed inside the RC, this correlation is ~ 0.8. 
Strongly correlated random uncertainties in p and T reduce the overall random 
uncertainty in nexcess due to the opposite effects of pressure and temperature on the gas 
density.  
The final random uncertainties in the excess sorption for all isotherms are 
presented in Figure A.21 (top). It is observed that the estimated random uncertainties 
are considerably large, especially for low temperatures. The calculated uncertainties 
are, however, significantly overestimated and no such variations are observed in 
repeated measurements for both HP and HPHT setups. The random errors in Trc (u
r = 
0.02 K) are primarily responsible for the large estimated uncertainty in nexcess as can be 
demonstrated by repeating the  Monte Carlo analysis with uncertainty in Trc being 
equal to that of the Tsc for the sample cell (Figure A.21, below). Although the 
temperature fluctuation in the low temperature zone is indeed somewhat higher than 
in the high temperature zone (this is also suggested by larger random uncertainty in 
prc compared to peq), both u
r(Trc) and u
r(Tsc) overestimate the actual temperature 
fluctuations inside the cells. For Trc this overestimation is even higher as the 
temperature sensor is not in direct contact with the reference cell and is thus only 
measuring the temperature variation of the ambient air inside the tempered zone 
(Figure A.22). Additionally, as mentioned above, the estimated random uncertainties 
are further affected by erroneous covariance terms in the covariance matrix. From the 
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scatter plots similar to those shown in Figure A.17 to Figure A.20 and setting ur(Trc) 
= ur(Tsc), the most influential parameter for the random uncertainties was found to be 
the void volume (Vvoid) which in turn is affected by the higher temperature 
fluctuations in the low-temperature heating zone.  
We conclude that although with the present experimental configuration, the 
repeatability of the measured excess sorption isotherms is excellent (as shown in 
Figure A.7) to further optimize the experimental design and to obtain realistic 
estimates for the random uncertainty, the temperature sensors would need be installed 
inside the cells.  
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Figure A.21 Results of the Monte Carlo analysis of random uncertainties in measured 
excess sorption. The error bars represent the unexpanded (one standard deviation, k 
= 1) uncertainty whereas the shaded area corresponds to the 95% confidence interval 
(k = 2). The graphs above are based on statistical data obtained from the blank 
expansion tests (the unexpanded uncertainties ur correspond to average variances in 
the covariance matrices (Table A.4). The graphs below show a situation where the 
measured temperature fluctuation in the reference cell is assumed to be the same as 
that measured in the sample cell.   
 
Figure A.22 Schematic diagram showing the position of the temperature sensors (Pt-
100) for the reference and the sample cell. In order to reduce the temperature 
fluctuations aluminum blocks were installed around the cells. Ideally, the sensors 
should be installed inside the cells for improved precision of the temperature signal 
as compared to when it is measured in the ambient air in vicinity of the cell (the 
situation for the reference cell). Independent measurements on newer setup also show 
a high correlation (r ~ 0.8) between the pressure and temperature data which further 
reduce the propagation of the random uncertainty due to opposite effect of pressure 
and temperature on the gas density. 
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Analysis of the propagation of systematic and random uncertainties 
in the volume calibration experiment 
In the volume calibration experiment, the volumes of the reference (RC) and the 
sample cell (SC) are determined by He expansion. The following uncertainty analysis 
concerns the HPHT setup (two temperature zones) described in Chapter 2 but follows 
the same procedure as for the HP setup (single temperature zone). The temperatures 
of the RC and the SC are both set to a reference temperature (Trc = Tsc = Tref) which in 
this case was 311 K. He expansions are performed with empty sample cell and with a 
non-sorbing reference volume sample, in this case a SS cylinder (Vref). Ideally, tests 
should be performed with different Vref covering a range of typical void volumes (Vsc -
 Vref) for improved accuracy. The volumes of the reference samples should be known 
with high accuracy and thermal expansion should be considered to determine Vref at 
the temperature of the experiment (𝑉𝑟𝑒𝑓
𝑇𝑟𝑒𝑓
). As is shown below the measurement of Vref 
using the capabilities of conventional laboratory equipment limit the accuracy of the 
volume calibration of the sorption (or gas pycnometer) equipment and hence it is 
recommended to use reference samples with volumes determined by the highest 
accuracy standards by an accredited calibration laboratory. 
A Monte Carlo analysis of the systematic and random uncertainties was 
performed to estimate the final uncertainty in 𝑉𝑟𝑐
𝑇𝑟𝑒𝑓
 and 𝑉𝑠𝑐,𝑡
𝑇𝑟𝑒𝑓
. The expansions of He 
were carried out up to 14 MPa with empty SC and with two volumes (Vref1 and Vref2) 
of the reference sample. The mass balance equations for 𝑉𝑟𝑐
𝑇𝑟𝑒𝑓
 and 𝑉𝑠𝑐,𝑡
𝑇𝑟𝑒𝑓
 are:     
𝑉𝑟𝑐
𝑇𝑟𝑒𝑓 =
𝑉𝑟𝑒𝑓
𝑇𝑟𝑒𝑓
𝑎−𝑏
      (A.11) 
𝑉𝑠𝑐,𝑡
𝑇𝑟𝑒𝑓 = 𝑎𝑉𝑟𝑐
𝑇𝑟𝑒𝑓 = 𝑏𝑉𝑟𝑐
𝑇𝑟𝑒𝑓 + 𝑉𝑟𝑒𝑓
𝑇𝑟𝑒𝑓
   (A.12) 
𝑎, 𝑏1,2 =
∑ (𝜌𝑟𝑐,𝑖
𝐻𝑒 −𝜌𝑟𝑐,𝑓
𝐻𝑒 )𝑁1
𝜌𝑠𝑐
𝐻𝑒   (
𝑎 ↔ 𝑒𝑚𝑝𝑡𝑦 𝑆𝐶
𝑏1,2 ↔ 𝑉𝑟𝑒𝑓1, 𝑉𝑟𝑒𝑓2
)    (A.13) 
The parameters a, b1 and b2 are, respectively, the slopes of the lines presented in 
Figure A.23 for He expansions into the empty SC and for reference samples with 
volumes Vref1 (“cyl 1”) and Vref2 (“cyl 2”), respectively.   
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Figure A.23 Volume calibration of the HPHT setup - expansions of He into the empty 
SC and into SC containing reference sample (SS cylinder) of the volume Vref1 and 
Vref2. The slope of the lines correspond to the parameters a, b1 and b2 in Eq. A.11-13. 
The results of the Monte Carlo uncertainty analysis are shown in Figure A.24 for 
the systematic and in Figure A.25 for the random uncertainties. From the analysis of 
the systematic errors in the volume calibration experiment it is observed that the 
limiting factor is the accuracy in the volume Vref of the reference sample (SS 
cylinders) and the accuracy of Vrc ≈ accuracy in Vref. For the input uncertainty in Vref  a 
value of 0.1% was assumed that should reflect the conventional measuring 
capabilities in a laboratory (e.g. using precision calipers of the measurements of the 
dimensions of the reference sample) and the effects of neglecting the thermal 
expansion (Table A.5). Hence, higher requirements in accuracy should be met by 
using reference samples calibrated by high-accuracy methods in certified laboratories 
(e.g. “precision balls”) and by close attention to the temperature at which the volume 
of the reference sample was specified and its thermal expansion behavior .   
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Figure A.24 Results of the Monte Carlo analysis of the systematic uncertainties in the 
volume calibration experiment of the HPHT setup at 311 K. The uncertainties of the 
input (p, T and Vcyl) and output parameters (Vrc) are presented as expanded 
uncertainties (k = 2). It is observed that the systematic uncertainty in Vrc is controlled 
primarily by the uncertainty in the volume of the reference sample (Vcyl = Vref). This 
uncertainty can be reduced by using the highest standards of accuracy for the 
reference sample and taking into account the thermal expansion for given Tref.  
 
Figure A.25 Results of the Monte Carlo analysis of the random uncertainties in the 
volume calibration experiment of the HPHT setup at 311 K. The uncertainties of the 
input (prc, peq, Trc and Tsc) and output parameters (Vrc) are presented as expanded 
uncertainties (k = 2). From the individual scatter plots it is observed that Trc and prc 
parameters have the most influence on the final uncertainty in Vrc. The experimentally 
determined uncertainty in prc is itself most affected by the temperature fluctuation in 
the low temperature zone (Trc).    
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Table A.5 Magnitude of uncertainty in the volume of the reference sample Vref 
determined by conventional laboratory equipment and uncertainty due to neglected 
thermal expansion for a temperature difference of 10 K.    
Magnitude of uncertainty in Vref (SS steel) ΔVref [%] 
Measurement resolution of precision caliper 
L = (59.99 ± 0.05) mm 
D =  (18.052 ± 0.001) mm 0.08 
(δL = 0.05 mm; δD = 0.001 mm) Vref = 15.354 ± 0.013 
Thermal expansion  ΔT = 10 K 0.05 
(βref = 52 ppm/K)     
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Uncertainty due to insufficient equilibration time 
The identification of thermodynamic equilibrium during the sorption experiment 
poses additional difficulty in the measurement of the excess sorption. The transient 
processes which take place during the equilibration step include (1) temperature 
changes and (2) diffusion-controlled transport of the sorptive gas onto the sorption 
sites (or into the micropores). The temperature changes result mainly from the Joule-
Thompson effect of a gas being expanded through an orifice (e.g. valve, in-line filter) 
into the sample cell and from the evolved heat of sorption. These temperature 
discursions are only significant on relatively short time intervals compared to the time 
it takes to reach equilibrium through the slow diffusion process. However, they can 
only be observed directly if the temperature readings are taken directly inside the 
reference and the sample cell. The establishment of the equilibrium in the manometric 
method is inferred by monitoring the changes in pressure. There are no general 
criteria or recommendations with respect to the equilibration times. Insufficient 
equilibration times will lead to an underestimation of the sorption capacity and 
possibly some effect on the isotherm shape. For samples with a significant proportion 
of pores in the nano-scale range the equilibration process can be very lengthy and a 
true equilibrium may never be reached in an experiment due to kinetic restrictions. It 
is important, however, to define at least a “technical equilibrium” meaning that there 
is no significant change (beyond the magnitude of the estimated experimental 
uncertainty) in the measured sorption upon extending the equilibration times. 
Moreover, the experimental measurement of sorption by the manometric method has a 
finite resolution with respect to sorption kinetics given by the leakage of gas from the 
sample cell during the experiment. Hence, extending the equilibration times to 
pressure drop rates corresponding to the leak rate would mean going beyond the 
resolution limit and would result in unjustifiably long measuring times. On the other 
hand, for very long equilibration times (in order of days) with significant gas uptake, 
the influence of leaks should be explicitly considered (e.g. van Hemert et al., 2009a) 
as the actual excess sorption capacity could thus be overestimated (see next section).     
The pressure equilibration for the first expansion step of the 338 K isotherm of 
the HPHT experiment described in Chapter 2 is shown in Figure A.26. The plot on 
the right shows the equilibration data using a logarithmic time scale based on the 
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recommendations by van Hemert (2009b). It provides an improved visual tool for the 
assessment of the equilibration process. A posterior analysis of the sorption data was 
performed to estimate the possible effect of insufficient equilibration times on the 
excess sorption.  The equilibration process was terminated at a residual pressure drop 
rate of -3×10-3 MPa (the leak rate determined with He was -0.3×10-4 MPa). The 
leakage was not explicitly considered. In Figure A.27 the effect of extending the 
equilibration times (at the same constant pressure drop rate) on the final excess 
sorption by a factor of 2 (+ 1 h) and 3 (+2 h), respectively, is shown. In reality, the 
pressure drop rate will be decreasing exponentially with time and therefore the effect 
is slightly overestimated. The analysis shows that the equilibration times are 
somewhat insufficient, however, the effect on the final excess sorption is expected to 
be within the limits of the experimental uncertainties. It is stressed that these 
considerations (as well as those presented in the next section) are only intended to 
show the magnitude of these effects rather than provide a robust analysis (which is 
beyond the scope of this work). While kinetic restrictions of the diffusional transport 
of CH4 molucules into the very small nanometer-scale pores of shales cannot be ruled 
out, they are expected to play only a minor role in the experimental measurement of 
sorption capacity given the magnitude of other experimental uncertainties. This would 
only be an issue if these shales had a fairly homogeneous distribution of pore 
diameters at or below what is referred to in literature as “kinetic” or “collision“ 
diameter (σ) of the sorptive molecule (more precisely, these are calculated constants 
for the Lennard-Jones 6-12 potential, for CH4 σ ≈ 3.8Å; Hirschfelder et al., 1964, p. 
164) as is illustrated in Figure A.28 for the CH4 sorption on 3A zeolite.                 
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Figure A.26. Pressure equilibration curves of the first CH4 expansion step for the 
338 K isotherm from Chapter 2 plotted with a linear (left) and logarithmic (right) 
time scale. The residual pressure drop rate at the termination of equilibration step is 
indicated. 
 
 
Figure A.27 Effect of extending the equilibration times by a factor of 2 and 3, 
respectively, on the final excess sorption isotherm. 
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Figure A.28 Pressure equilibration curve of the first CH4 expansion step for the 
338 K isotherm measured on the molecular sieve 3A plotted with logarithmic time 
scale. The equilibrium process is clearly affected by kinetic restrictions (nominal 
diameter of the 3A zeolite = 3Å) and the equilibrium is not reached within the limits 
of experiment duration while the gas uptake is still high at its termination. 
Other sources of uncertainty – leakage 
Other sources of uncertainty in high-pressure sorption measurements not 
considered in the uncertainty analysis in this work are mentioned in the literature on 
sorption in coals (Krooss et al. 2002; Gensterblum et al. 2009, 2010; Sakurovs et al. 
2009; van Hemert et al. 2009a,b; Busch and Gensterblum, 2011). These comprise 
errors due to leakage, sample compression and swelling, gas impurities or due to 
solvent properties of the supercritical CO2. Of these, leakage can be a significant 
source of error in the manometric method, depending on the leakage rate and the 
equilibration times of the sorption experiment. High leak rates may result in a 
substantially overestimated sorption capacity and may still go unnoticed in the final 
results. It is therefore imperative to minimize the leakage and to ensure that its effect 
on the sorption measurement (and for specific applications) is within an acceptable 
error limit. A detailed analysis and implementation of the leakage in the mass balance 
of the manometric sorption experiments was reporeted by van Hemert et al. (2009a). 
Throughout this work, leak rates were measured with He at pressures of 10 – 15 MPa 
prior to the sorption experiment and a nominal value of ~ - 5 mbar/h (5e-04 MPa/h) 
was acceptable to perform the experiment. This corresponds roughly to 0.001 mmol/g 
CH4 leaked at 25 MPa in the duration of 10 h out of the volume equal to Vvoid (or 
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~ 1% of the average sorption capacity of shales in this study). The value 
0.001 mmol/g is based on void volume and shale sample mass (for normalization to 
mmol/g) typically encountered in experiments on our sorption setups. 
No corrections for leakage were explicitly applied to the experimental sorption 
data presented in this work. The magnitude of uncertainty due to leakage is expected 
to be smaller than other experimental uncertainties. This is supported by the excellent 
reproducibility between the initial and the final starting-temperature (T0) isotherms in 
the "multi-temperature" experiments performed on both, the HPHT and HP setups on 
dry and moisture-equilibrated samples (Figure A.29, see Chapter 3 and Appendix C). 
Although the equilibration times for the final T0 isotherms were substantially longer 
(by a factor of up to 5) than for the initial T0 isotherms, in both cases, the isotherms 
match almost perfectly and no detectable effect of leakage is observed (the leak rates 
measured with He were -0.4 mbar/h and -3.3 mbar/h for the experiment on the dry 
and the moist sample, respectively).  
The magnitude of the leakage effect over extented equilibration times can be 
estimated apriori which is important during the design phase of the experiment. For a 
specified leak rate and experimental sorption parameters (sample weight and void 
volume) the amount of gas leaked from the void volume can be calculated. This has 
been done for the HPHT setup (Chapter 2) and for the leak rate of -5 mbar/h. 
Figure A.30 shows the amount of leaked CH4 and CO2 (again, although CO2 sorption 
was not studied here, these results are shown only to demonstrate the peculiar 
behavior observed in relative proximity to the critical temperature) in mmol/g for 
equilibrium times of up to 50 h and at different pressures between 5 and 30 MPa (for 
simplicity, the same leak rate is assumed irrespective of the pressure). For CH4, the 
amount of leaked gas after a period of 50 h at the leak rate of -5 mbar/h would be ~ 
0.004 mmol/g. Hence, for such long equilibration times the cumulative effect of 
leakage would be larger than the estimated systematic uncertainty in excess sorption 
(0.007 mmol/g at 25 MPa). Moreover, as shown in Figure A.30 (right), for CO2, the 
leakage effect will be enhanced in the pressure range between 10 and 15 MPa because 
of the high CO2 density gradient in this pressure range. However, the leak rate 
determined with He can differ significantly from the actual leak rate of the sorptive 
gas (e.g. CH4 or CO2) as shown by van Hemert et al. (2009a) for He and CO2 system. 
In Figure A.31 leak rate data from calibration and blank measurements with He, CH4 
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and CO2, performed recently on one of our HP setups, are shown. The leak rates 
measured with He in three independent experiments with varying void volumes are 
between -2 and -3 mbar/h and hence within the acceptable range (Figure A.31 left). 
However, the leak rates determined in a single experiment with CH4 and CO2 differ 
significantly from those of He (Figure A.31 right). It is observed that the leak rate for 
CH4 is two orders of magnitude smaller (-0.01 mbar/h) than that for He. The 
measured leak rate for CO2 of - 14.6 mbar/h is rather uncertain due to insufficient 
time interval over which the data were collected as well as due to significantly higher 
effect of temperature fluctuations on the pressure data. Van Hemert et al. (2009a) 
report a ratio for the He/CO2 leak rate of ~ 3. Hence, the actual leakage of CH4 will 
likely be (much) smaller than the leakage typically determined with He in the sorption 
experiment. The present data of the leak rates for different gases are still incomplete 
and the experiments with empty sample cell or with non-sorbing samples should be 
performed (and statistically evalueated) in the context of the method optimization.       
 
 
Figure A.29 Reproducibility of the initial and the final T0 isotherms from the “multi-
T” experiments performed on HPHT (dry sampe, left) and HP (moisture-equilibrated 
sample, right) setups described in Chapter 3 and Appendix C. The excellent 
reproducibility indicates an absence of any measurable effect of leakage as the 
equilibration times of the final T0 isotherms are substantially longer than those for the 
initial T0 isotherms. The leak rates were -0.4 mbar/h and -3.3 mbar/h, respectively. 
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Figure A.30 First-order estimation of the effect of the leak rate on the measured 
excess sorption. Amount of CH4 (left) and CO2 (right) lost due to leakage from the 
void volume as a function of time and gas pressure at 338 K. The void volume (Vvoid) 
and the sample mass (ms) to which the amount of leaked gas was normalized to obtain 
mmol/g units were taked from the HPHT experiment in Chapter 2. The assumed leak 
rate of -5mbar/h was considered pressure-invariant. Notice the large effect of leakage 
for CO2 between 10 and 15 MPa (i.e. the pressure range of the highest CO2 density 
gradient). This may, however, be an artifact resulting from the assumption of 
pressure-independent leak rate. 
 
 
Figure A.31 Leak rates observed for He during calibration/blank sorption 
experiments on the HP setup at different void volumes at 338 K (left). Comparison of 
the leak rates determined with He, CH4 and CO2 in a single experiment (right). The 
data for CO2 were not collected over sufficiently long time interval and the CO2 leak 
rate is considered uncertain. 
  
189 
Units conversion 
1 mmol/g = 22.71 std. m³/t (IUPAC standard conditions – 0°C / 100 kPa) 
1 mmol/g = 23.69 std. m³/t (60°F (15.56°C) / 14.696 PSI (101.325 kPa)) 
1 mmol/g = 834.7 scf/t (60°F (15.56°C) / 14.73 PSI (101.6 kPa)) 
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